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Preface

The First International Symposium on Calibration Chamber Testing has provided a
forum for the exchange of concepts, information, and experiences related to the use of the
calibration chamber. It was the first time such a conference was held on an international
basis. The two-day Symposium brought together mor than fifty researchers from
Australia, Brazil, Canada, France, Italy, Japan, Norway, UK., and the U.S.. In addition
to the traditional use of the chamber for calibrating in situ soil testing, topics related to
pile testing in chambers and other forms of physical and numerical simulations of field
testing techniques were also included. The Proceedings contain the papers presented at
the Symposium and additional papers contributed by individuals who did not have the
opportunity to present them.

Major funding for the Symposium was provided by the National Science Foundation.
Additional support was contributed by the U.S. Air Force Office of Scientific Research
and Clarkson University. I would like to thank the sponsors and members of the
organizing committee for their support. My graduate students, M.Y. Ma, T.C. Camey,
A.A. Taney and M.A. Ciance played a vital role in the event and their efforts are
gratefully acknowledged.

An-Bin Huang
Chairman, Organizing Committee
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HISTORY OF THE FPIRST B8IX CRB CALIBRATION CHAMBERS
J. C. HOLDEN, VIC ROADS, MELBOURNE, AUSTRALIA

PREFACE

As the reader of this paper will see, I got to know Dr.
Jim Holden very well when he came to the Univ. of Florida and
built the second CRB-type chamber. Knowing of his intimate
involvement with the beginnings of these chambers, I asked him
to help me with reconstructing an accurate history. He at once
agreed and jumped to the task with his usual enthusiasm and
thoroughness and produced a report which I used as part of a
verbal presentation to ISOCCT1. With only minor editing, this
report has become the present paper. It tells his story -- he
lived most of it and I only a relatively small part. I
therefore suggested, and he agreed, that ISOCCT1 publish this
paper under his name.

John H. Schmertmann,
18 Jul 91

ORIGINAL CRB CALIBRATION CHAMBER

The history of large calibration chambers started in 1969
at the Materials Research Division, Country Roads Board (CRB)
{now called VIC ROADS), Melbourne, Victoria, Australia. Since
1953 the CRB had been performing foundation investigations
using a 10 cm’ mechanical cone penetrometer (based on the Dutch
Cone), which was superseded in 1958 by an electrical cone
penetrometer with a cone base dzianeter of 1.96 in. (50 mm),
giving an area of 3 in.° (19.4 cn’) (Gawith and Bartlett, 1963).
In 1967, the writer conceived the idea of the original CRB
electrical frict%on-cone penetrometer, having a 3 in.‘ cone and
a 72 in.? (465 cm®) friction sleeve (Barlett and Holden, 1968).
To calibrate this friction-cone penetrometer in the laboratory
under simulated field conditions, the writer also conceived the
idea of the CRB calibration’ chamber.

Ron Lilley and the writer designed, built and commissioned
this chamber in 1969. Gary Chapman (1975) described the
features of the design and operation of the chamber. The
original CRB chamber houses a sample 2 ft 6 in. (0.76 m) diam.
by 3 ft (0.91 m).

The idea of the calibration chamber followed from the
belief that there existed a great need to rigorously study the
performance of the full-size penetrometer in the laboratory.
Here the investigator could accurately measure and/or control
the soil properties, stresses, and strains.

Other investigators had previously performed laboratory
calibration testing in rigid-wall test pits (for example,
Melzer, 1967; Tcheng, 1966). The decision to build a flexible-
boundary chamber instead of a rigid-wall chamber resulted from
the following argument (Holden, 1971).

Copyright 1991 by Elsevier Science Publishing Company, Inc.
Calibration Chamber Testing
Editor: A.-B. Huang 1




For a given specimen size, one can demonstrate that a
rigid lateral boundary has a larger influence on the cone
penetration and frictional resistances of a penetrometer than
a flexible boundary subjected to a constant pressure. Thus,
one can make a flexible-boundary chamber relatively much
smaller yet still large enough to keep the penetration
resistances cloge to the field values. Apart from a greater
testing output and less cost per test, the flexible-boundary
chamber has the major advantage that the investigator can
measure and/or control the vertical and lateral stresses and
deformations. Table 1 summarizes the new ideas.

TABLE 1

KEY NEW (1969) IDEAS

FLEX. BOUNDARIES, BUT K, NC & OC
STRESS CONTROL

SIZE & ACCESS FOR FULL-SCALE CPT

o © O o

REPRODUCIBLE & UNIFORM SPECIMENS
("Pluvial"™ Deposition)

Because of greater practical benefits and simplicity in
producing a reproducible, uniform soil "specimen®, the research
began with air~-dry sands. Gus Veismanis (1975) performed the
calibration tests using two local quartz sands (Earlston and
South Oakleigh). The specimen preparation simulated as closely
as possible a naturally-occurring aeolian deposition. The
writer achieved this by a technique he named ‘“pluvial
deposition®, using a traversing sand spreader they developed
at the University of Melbourne (Holden, 1967; Gerrard, 1968)
and based on the concept of Kolbuszewski and Jones (1961). To
simulate the K, field conditions of zero lateral strain during
consolidation, the writer utilized an ingenious cavity wall
design (see Figure 1). By maintaining the cavity water
pressure equal to the developing lateral sand pressure, the
inner wall of the double-walled barrel does not move, thus
giving an average K, condition.

The chamber testing research had the aim of correlating
cone resistance and/or friction resistance directly with such
engineering properties of the sand as shear strength angle and
modulus of deformation. This would permit by-passing other
variables such as density, sand grading, angularity, grain
size, etc. From measurements made during the confined
compression of the sample, one can determine the values of K,
the constrained modulus, M,, and the equivalent elastic
parameters - Young's modulus, E* and Poisson's ratio, u,*
(Holden, 1971; Veismanis, 1975). Veismanis separately
determined the shear strength parameters from triaxial tests




on 20 cm by 10 cm diameter samples of sand also prepared by
pluvial deposition.

The igitial calibration tests concentrated on the 50 mm
diam (3 in.‘) CRB electrical friction-cone penetrometer. Later
tests involved two designs of 10 cm® Fugro electrical friction-
cone penetrometers (Veismanis, 1975). However, they discovered
from their tests that they needed a larger chamber to
accurately calibrate the penetrometers in dense sands,
especially the large size CRB penetrometer.

UNIVERSITY OF FLORIDA CHAMBER

Under the guidance of Professor John Schmertmann, and as
a Winston Churchill Fellow, the writer supervised the
construction and installation at the University of Florida of
a larger size calibration chamber (Figure 1), as redesigned by
Ron Lilley (CRB). Practical considerations limited the maximum
size of the specimen to 4 ft (1.22 m) diameter by 4 ft (1.22
m) high (Holden, 1971). A traversing sand spreader (University
of Melbourne design) placed the sand into the mold that formed
the sand specimen.

The writer supervised a series of exploratory tests to
study (i) the effect of sample boundary conditions on the
penetration resistances, (ii) the behavior of penetrometers of
different designs, (iii) the effect of rod friction, (iv) the
effect of discontinuous operation, and (v) sensing an interface
between two sand layers. Other test results on two designs of
10 cm’ Fugro penetrometers, each with a different position of
friction sleeve, assisted in the selection of a design for the
ASTM Standard D3441 (Holden 1971, 1975a).

To answer questions about the effect of rod friction on
the cone resistance of continuously penetrating electrical
penetrometers, the writer designed a reference cone
penetrometer to measure a static value of cone resistance
unaffected by rod friction (Holden, 1971). With this
penetrometer, we also started to utilize stage testing - ie.
using progressively higher overburden pressures at different
stages in the penetration of a specimen.

The calibration tests had the prime purpose of
establishing correlations between the penetration resistances
of two penetrometers - a Fugro electrical friction-cone
penetrometer (de Ruiter, 1971) and the Dutch mechanical
friction-cone penetrometer (Begemann, 1969) - and various
engineering properties of two sands - a local (Edgar)
subangular guartz sand and the well-known, rounded, Ottawa
sand.

The writer, working with John Schmertmann and his
University of Florida colleagues, discovered that the
constrained modulus, M,, did not correlate uniquely with cone
resistance, q.,, for all sands, as assumed by some previous
workers. He then proposed methods for estimating the
constrained modulus and the angle of internal friction for
normally consolidated sands from field cone penetration tests
(CPTs), based on calibration test results (Holden, 1975b). We
also investigated the effect of overconsolidation in sands and
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demonstrated that for a given sand the existing horizontal
stress virtually controls the cone resistance, irrespective of
its overconsolidation ratio. We also observed for the first
time (Holden, 1971) the effect of sand crushing on the linear
relationship between cone resistance and vertical stress in a
uniform normally consolidated sand.

Commencing in 1971, post-graduate students also used the
calibration chamber for research on the performance of
pressuremeters in sands (Laler et al., 1975). Later, in 1974~
5, Caillemer (1975) and Reese (1975) performed the first
calibration tests using penetrometers in saturated sands.

MONASR UNIVERSITY CHAKBER

In 1973, Gary Chapman, a member of the writer's staff,
took leave from the CRB and undertook post-graduate research
at Monash University (Melbourne, Australia) on the laboratory
calibration of penetrometers in air~dry sands. He supervised
the design, construction and installation of a modified CRB
chamber (for details, see Chapman, 1979). The main differences
from the previous chambers, summarised by Chapman (1975), were
as follows:

(a) He increased the sample height to 6 ft (1.82 m) to (i)
obtain a plateau in the friction resistance/depth
graph under all conditions, and (ii) enable stage
testing of standard 10 cm‘ electrical penetrometers.

(b) He included the automatic recording of all pressures
as well as the movement of the piston by using a
displacement transducer.

The chamber testing began mid-1975 with calibration tests
in a local, (Frankston) quartz sand. These employed a standard
type 10 cm® CRB electrical friction-cone penetrometer (Holden,
1974), with the friction sleeve load cell incorporating silicon
beam transducers. Chapman prepared specimens by also using a
traversing sand spreader (University of Melbourne design).
Chapman and Donald (1981) published the results.

Later investigators used this chamber to study certain
aspects of the internal design of the electrical penetrometer
(Vuong, Donald and Parkin, 1988). In recent Yyears, the
university has used the chamber for tests on model piles in
calcareous sands (Parkin et. al., 1990).




NGI CHAMBER

The involvement of the Norwegian Geotechnical Institute
(NGI) in calibration chamber testing arose from their desire
to correlate cone penetration resistances with in-situ strength
and deformation properties of sands from the North Sea, where
they used the electrical friction-cone penetrometer extensively
in offshore site investigations for oil drilling platforms.
In mid-1974, supported by a Norwegian post-doctoral research
fellowship, the writer initiated a calibration chamber testing
program at the NGI in Oslo.

An earlier gesearch program had proposed calibration tests
mainly on a 5 cm® friction-cone penetrometer under development
by the NGI for offshore investigations. The CRB shipped their
original chamber and traversing sand spreader to the NGI for
these tests. The writer argued successfully that the
calibration tests should concentrate on the standard 10 cm’
penetrometer (Holden, 1976). The NGI decided to build another
chamber based on the CRB design, but larger -~ housing a sand
specimen 1.22 m diameter by 1.5 m high. They chose the
specimen height after considering the practical difficulties
experienced by Gary Chapman while operating his chamber (1.82
m high specimen). The writer supervised the design, performed
by Ragnar Johnsrud, and the construction of the NGI chamber.
Nigel Last (1979a), who supervised the chamber's installation
in 1976, also described the details of its design and
operation.

In 1975, the NGI began a series of preliminary tests using
the CRB chamber, and later the NGI chamber, to investigate the
effect of the relative size of specimen and its boundary
conditions on the performance of the penetrometers. The
investigators intended to gain more evidence for an expected
scale effect for penetrometers in sands. After discarding its
original design, the NGI adopted the CRB design of electrical
friction-cone penetrometer (Holden, 1974), for both the 5 cm’
and 10 cm’ sizes. The results of these preliminary tests were
reported in a number of NGI Internal Reports (Series No. 52108-
1,2,3,5,6,9,10) and summarised by Parkin and Lunne (1982).

Originally, the investigators acquired a large quantity
of sand from the Frigg field in the North Sea. However, they
eventually performed all testing on a local (Hokksund) angular,
predominantly quartz, glacial sand. They initially considered
the Frigg sand unsuitable, mainly because of the problems with
pluvial deposition in air associated with its significant silt
content. This led to the development of vacuo-pluviators for
pluvially Qepositing silty sand in a vacuum (Holden, 1976),
first on a small-scale for the NGI laboratory testing apparatus
(Kildalen and Stenhamar, 1977) and later for the ISMES
calibration chamber (see below).

Earlier, the writer (Holden, 1971) had become aware of
the significant effect of sand structure on cone resistance.
He initiated a subsidiary research project to investigate this
effect for Hokksund sand using a small-scale laboratory
pluviator (Kildalen and Stenhamar, 1977).

Previous experience (Holden, 1967) and previous
calibration tests in the CRB chamber indicated that specimens




prepared by the traversing sand curtain of the CRB spreader
could produce a layered, non-uniform specimen, and not very
repeatable. This eventually led to the development of a mass
sand spreader or static pluviator. To overcome the problenms
caused by the swirling, rising air currents produced by the
sand raining in a confined space, the writer conceived the idea
of allowing the sand jets to fall freely through a large drop
onto two diffusers maintained at a small constant height above
the sand surface. A cooperative research project with Moust
Jacobsen (1976) at Aalborg University, Denmark verified the
feasibility of the concept. Ragnar Johnsrud and the writer,
who overcame a major problem associated with operating a large
shutter plate under a hopper of sand, subsequently designed the
NGI pluviator. Last (1979a) describes the details of the
design and operation.

After each penetration test, the investigators removed the
central column of sand, containing any crushed sand, using a
suction technique. They took a standard size sample from a
depth of 20 to 30 cm and subjected it to a sieve analysis. By
plotting the silt content against the cone resistance, the
writer (Holden, 1976) demonstrated the controlling influence
of crushing on the cone resistance/depth profile obtained in
t+a field.

In 1976, the writer persuaded his friend Alan Parkin from
Monash University to continue the calibration tests in the NGI
chamber. On Alan's return to Monash University, he constructed
an NGI pluviator to replace their traversing sand spreader.
He has written several reports and papers containing analyses
of data from the calibration chambers, culminating in a state-
of-the-art paper presented to ISOPT-1 (Parkin 1988). In 1977,
Nigel Last (1979b) carried out calibration tests on saturated
samples of Hokksund sand.

In 1980, the NGI shipped their chamber and pluviator,
together with a quantity of Hokksund sand, to the University
of Southampton, U.K., where they have remained until now. Here
researchefs conducted calibration tests from 1983 to 1986, on
both 5 cm® and 10 cm® penetrometers, to fill a gap in the NGI
data (Last et. al., 1987).

ENEL CHAMBER

The involvement of the Italian Electricity Board (ENEL)
and Prof. Mike Jamiolkowski, University of Turin, in
calibration chamber testing arose from their desire to
correlate cone penetration resistances with the liquefaction
potential of sand deposits at proposed sites for nuclear power
plants. In 1975, upon the recommendation of John Schmertmann,
ENEL employed the writer to advise Gianni Bizzi of the ENEL
Hydraulic and Structural Research Centre, Milan, on the design
and operation of a calibration chamber.

ENEL designed a modified version of the CRB chamber in
1975 with the same dimensions as the NGI chamber - viz 1.22 m
diam by 1.5 m high specimen. The improvements included a
precision servo-controlled mechanical drive for the
penetrometer, a sensitive device for volume change measurement,




and advanced methods for saturating samples (Bellotti et. al.,
1982; Parkin, 1982).

ENEL began to use their chamber and NGI-design plyviator
in 1978, with calibration tests performed using a 10 cm® Fugro
electrical friction-cone penetrometer in a dry local (Ticino)
quartz sand. They reported test results in several papers (eq.
Baldi et. al., 1982). Their calibration tests also included
using the Marchetti dilatometer (Bellotti et. al., 1979) and
the cCambridge self-boring pressuremeter (Bellotti et. al.,
1989).

ISMES CHAMBER

Beginning in 1981, the Italian investigators built the
sixth calibration chamber of CRB design at the ISMES
laboratories, Bergamo, Italy, under the direction of Gualtieri
Baldi. The improvements to the ENEL chamber included (i)
modifications to the NGI-design pluviator to permit raining
sand in a high vacuum to produce very loose samples, (ii) a
base piston guidance system to prevent it from sticking, and
(iii) displacement transducers to directly measure the mid-
height specimen deformations (Parkin, 1986). ISMES performed
calibration tests using a standard 10 cm’ electrical friction-
cone penetrometer in Ticino and Hokksund sands. Baldi et.
al.,( 1986) have reported these test results.

summarizes the above-described initial six CRB-
type calibration chambers. Since then other researchers around
the world have built at 1least ten other chambers for
calibration testing. Most of these have incorporated one or
more of the concepts originated in the design and use of these
initial six chambers.




TABLE 2 - SUMMARY OF CRB (VIC ROADS) TYPE CHAMBERS

WHEN WHERE SIZE
1969 ORIGINAL H=0.91mn
CRB D=0.76 m
Melbourne
1971 UF H=1.22 m
Gainesville D=1.22 m
1973 MONASH UNIV. H=1.82m
Melbourne D=1.22 m
1976 N.G.I. OS1O H=1.5m
(U. Southhampton 1980) D=1.22m
1978 ENEL~CRIS H=1.5m
Milan D=1.22m
1981 ISMES H=1.5m
Bergamo D=1.22nm
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ABSTRACT

The present status of CC testing of sands is summarized
and areas in which new developments could be achieved through
CC research are pointed out.

A number of important aspects which make use of the results

of the CC tests controversial in engineering practice, are

critically examined and their relative importance evaluated.

Special attention is devoted to the following problems:

— the influence of geological time on structure and mechani-
cal behaviour of sands;

— the need to extend CC research to more realistic soils such
as silty, crushable and lightly cemented sands instead of
the clean, uniform silica sands that have been used so far;

— the importance of the limited dimensions of the CC and of
imposed boundary conditions on the results of in situ
tests.

Finally, the possibility 1is pointed out of combining CC

testing with a properly structured programme of centrifuge

tests aimed at a more cost-effective research.

1. INTRODUCTION

The paper summarizes the experience of the writers in the validation of
different in situ techniques in sands using large calibration chambers (CC)
and presents their point of view on the future possibilities and
developments of this specific area of the geotechnical research.

Since the development of the first two CC’'s, one at the Country Roads
Bureau of Victoria in Australia in 1969 [Holden (1971)]) and the other at the
University of Florida in 1970 [Reese (1975) and Caillemer (1975)])}, various
apparatuses, increasingly sophisticated and automated, have been developed
around the world, making way for a research fileld which has experienced
increasingly growth and whose most eloquent expression is the present Sympo-
sium.

An extensive 1list of the CC’'s most actively used in the validation of
in situ techniques in sand is reported in Table I.

CC research in Italy, which was started with the valuable help and
encouragement of prof. John Schmertmann and Dr. Jim Holden, has brought a
deeper insight into the use of in situ test results in geotechnical design
and has stimulated the development of new equipments and the improvement of
existing ones.

CC testing [Been et al. (1988)] has the unquestionable merit of
allowing the execution of in situ tests in a specimen of sand of large
dimensions. During the experiment the state of the sand specimen, its stress
and strain history, and boundary conditions (BC) are well controlled.
Copyright 1991 by Elsevier Sci Publishing Company, Inc.
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TABLE I. Principal Calibration Chambers used in geotechnical investigations
Adapted from Peterson (1986). Large-diameter stress cells used for
geotechnical investigations.

Test Cell Specimen Specimen Boundary Conditions
Owner/Location Diameter Height
(m) (m) Radial Bottom Top

Country Roads Bureau, 0.76 0.91 Flexible Cushion Rigid
Australia

University of Florida, 1.2 1.2 Flexible Cushion Rigid
UsAa

Monash University, 1.2 1.8 Flexible Cushion Rigid
Australia

Norwegian Geotechnical 1.20 1.50 Flexible Cushion Rigid
Institute

ENEL-CRIS, Milano, Italy 1.20 1.50 Flexible Cushion Rigid
ISMES, Bergamo, Italy 1.20 1.50 Flexible Cushion Rigid

University of California, 0.76 0.80 Flexible Rigid Rigid
Berkeley, USA

University of Texas at cube 2.1x2.1x2.1 m All flexible
Austin, USA

University of Houston, USA 0.76 2.54 Flexible Cushion Cushion

North Carolina State 0.9 1.00 Flexible Rigid Rigid
University, USA

Luisiana State University, 0.55 0.80 Flexible Flexible Rigid
USA

Golder Associates, Calgary, 1.40 1.00 Flexible Rigid Cushion
Canada

Virginia Polytechnic 1.5 1.5 Flexible Rigid Rigid

Institute and State
University, USA

University of Grenoble, 1.2 1.5 Flexible Cushion Cushion
France

Oxford University, UK 0.90 1.10 Flexible Cushion Rigid

University of Tokyo, 0.90 1.10 Flexible Rigid Rigid
Japan

University of Clarkson, 0.51 0.76 Flexible Rigid Rigid
USA

University of Sheffield, 0.79 1.00 Flexible Rigid Flexible
114

Cornell University, USA 2.1 2.9 Flexible Rigid Rigid




In addition, the sand specimens, generally prepared by means of pluvial
deposition in air or vacuum, using gravity mass or travelling sand spreaders
[Jacobsen (1976), Battaglio et al. (1979), Rad and Tumay (1987)].
results highly repeatable and of good, or at least acceptable, uniformity.

The most recent CC's offer also the possibility of saturating the
specimens without difficulties. The process, which employs deaired water and
Coy or vacuum inside the samples, results in a very high degree of satura-
tion which 1is reflected in Skempton’'s (1956) pore pressure coefficient B,
with values ranging between 0.94 and 0.98 [see Bellotti et al. (1982)].

Up to now <CC research has been limited to the uniform, predominantly
silica sands, to a limited number of experiments on uncemented carbonate
sands [Evans (1987), Almeida et al.) and to a few tests on a Belgium glauco-
nitic sand [Bellotti and Jamiolkowski (1990)].

An attempt to use a more realistic material, like silty sand, in a ca-
libration chamber test has been made at the Virginia Polytechnic Institute
[Brandon et al. (1990)), requiring consolidation of the material starting
from slurry. Despite this cumbersome and time-consuming specimen preparation
procedure, results are promising.

At the present state of the art and despite unquestionable achievements
of CC research, thls area of experimental soil mechanics deserves to be
closely re-examined in order to ascertain whether, after more than two deca-
des of development, it will progress into a stage of innovation or face
stagnation.

The answer to this crucial question mainly depends on the possibility
of better understanding and quantifying the importance of a number of issues
that are relevant to the reliability of CC experiments, and of extending
the range of tested soils to include more realistic materials, such as
silty, highly cemented, and aged sands.

2. PROBLEMS OF CC RESEARCH

In the following a number of problems are listed which are linked to
the engineering interpretation and use of CC tests whose complete understan-
ding and qualitative appreciation becomes of paramount importance for the
future of this type of research.

a. CC tests are performed on specimens of freshly reconstituted sands whose
fabric may very well be different from that of natural soils deposits
which have a highly developed structure, built up in geological time by
phenomena such as drained creep, early diagenesis, cementation, etc., see
for example; Dusseault and Morgenstern (1979), Mesri (1987), Mitchell and
Solymar (1984), Palmer and Barton (1987), Hryciw (1986), Mitchell (1986,
1988), Barton and Palmer (1989), Schmertmann (1989), Mesri et al. (1990).
As the main aim of the CC tests is to develop engineering correlations it
is important to understand and quantify the influence of differences in
structure as discussed above not only on the results of the specific
test, but also on the geotechnical parameter to which the in situ test is
to be correlated. As a typical example one can mention the correlation
between drained Young’'s modulus E’' and static cone resistance q.

b. As mentioned before, most CC tests have so far been performed on uniform,
clean, predominantly silica sands. Natural deposits of sands are rarely
as uniform, and almost always contain a non negligible percentage of




fines, which confers the so far testea materials features of "academic”
soils.

Moreover, many relevant engineering problems are linked to more crushable
and compressible materials, such as carbonate and glauconitic sands which
are usually slightly cemented.

It appears imperative to extend CC research in the future to soils which
are different from the "academic" sands tested up to now.

In order to achieve this objective the following is required:

— methods allowing that uniform and repeatable specimens of silty sands
be obtained at the desired densities;

— procedures allowing that a desired degree of cementation be uniformly
distributed through the sample after specimen deposition;

— a way for continuously checking whether the conditions during a test on
a saturated specimen are drained, undrained or partially drained. This
last point is an essential prerequisite for a rational interpretation
of CC tests run in saturated samples.

c. Since the early eighties, the problem of the influence of the finite
dimensions of the CC on tests results has been recognized as one of the
most important in this type of research. The problem first addressed by
Holden (1967) has been analyzed by Veismanis (1974), Parkin and Lunne
(1982), Jamiolkowski et al. (1985), Bellotti et al. (1985), Eid (1987),
Schnaid and Houlsby (1990), without reaching any definitive conclusion.
With specific reference to the Cone Penetration Test (CPT) for which the
importance of the finite dimensions of the CC has been wmore thoroughly
investigated, the chamber size effect can be inferred from the following:

— The experimental data show that in silica sand q, mnormalized with
respect to the current horizontal effective stress increases with
increasing ratio of the chamber (D) to cone (d,) diameter. This
phenomenon 1is especially evident with boundary condition B-1 (see
Fig.1l) corresponding to the cone penetration under constant boundary
stresses.

— As a logical consequence, q, is influenced by the boundary conditions
set-up during the penetration stage. Their influence on q, increases
with increasing Dp and decreases when mean effective stress o, and
Dc/dc ratio decrease.

Such effects are intimately linked to the sign and the amount of volu-
metric strain which CC specimen tends to exhibit during penetration of
the cone.

Although the above observations were made for CPT, they also hold for
other in situ techniques such as pressuremeter, dilatometer and plate
loading tests when performed in CC.

Recently, Schnaid and Houlsby (1990) have documented experimentally the
importance of chamber size effects on the ultimate cavity stress Py
obtained from pressuremeter tests. According to these authors the fini-
te chamber dimensions influences to approximately the same extent, both
P, and q.

d. Another important question related to CC research involves the so-called
scale effects. These effects refer basically to a number of phenomena
which are pertinent also to the field situations, such as:
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FIG. 1. Boundary conditions available in Italian CC's.

— Curvilinear strength envelope which is responsible for the fact that
mobilized peak angle of friction ¢' decreases with increasing normal
effective stress of¢ acting on fallure plane at failure. For more
details and engineering relevance of this phenomenon to the bearing
capacity problem in cohesionless soils, see De Deer (1967), Kerisel
(1967), Vesic (1967), Baligh (1975), Steenfelt (1977), Meyerhof (1983)
Bolton (1986), Bolton and Lau (1989).

~ Progressive failure and formation of shear bands which are responsible
for important scale effects in bearing capacity problems in sands, see
for example; De Beer (1965), Yamaguchl et al. (1977), Tatsuoka et al.
(1989, 1991).

~ Influence of soil particle size on the results of in sfitu tests
involving the development of large straing in the surrounding soil,
especially such as the different types of penetration tests. The
writers are not aware of any comprehensive studies covering this aspect
of the problem. On the basis of limited information available [Steen-
felt (1977), De Beer (1965), Peterson (1988)] one can postulate that in
uniformly graded sands a ratio of d, to the mean particle size Dgg
exceeding 20 to 40 might render uninfluential this factor on the
results of CPT.

Length constraint of this paper, as well as the lack of a comprehensive
knowledge and information, do not allow the writers to present exhaustive
comments on the problems mentioned 1in this section. However, in the
following part of the paper a series of preliminary data will be shown and
some consideration will be devoted to the following problems:

— influence of geological time on the stress-strain behaviour of cohesion-
less soils and on the results of penetration tests;

— influence of chamber size and of applied boundary conditions on the q. of
the predominantly silica sands tested in the CC’s.
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3. INFLUENCE OF TIME

It is well known that geological time influences the mechanical beha-
viour of soils. This fact, widely accepted for cohesive soils in the last
decade, has been also recognized to be relevant to cohesionless soils.

In the broad term "geological time", many physical-chemical phenomena
are included, as already mentioned in section 2) of the paper. The importan-
ce of some of these phenomena on the penetration resistance and on the
strength and stiffness of cohesionless soils are here below briefly examined
in the 1light of the experimental data which have become available in the
last few years.
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a. Field evidences

Two examples of field evidences are reported showing that geological
time can play an important role in the interpretation of penetration tests
in granular soils.

The first case refers to the geotechnical studies conducted on gravelly
sand deposits covering the shore north east from the town of Messina in re-
lation to the design of the one span suspended bridge over the Messina
Stralt. The soil at the proposed site for the bridge tower foundation
consists 1in the first 30 to 35 meters of sands and gravels belonging to the
so called Holocene Coastal Plain formation which age has been estimated by
geologists to range between 10 and 30 thousands years. Below this depth, a
medium Pleistocene deposits of sands and gravels locally known as Messina
Gravels formation are encountered. This formation can be estimated at least
500,000 years old.
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At the anchor block site, the top of the Pleistocene Messina Gravel
formation is encountered at the depth of few meters below the G.L.. The soil
profiles representative for the two sites are shown in Fig.2.

Both formations are composed of materials which are very similar in
grading and mineralogical compositions, see Fig.3. Moreover, they have been
deposited in similar deltaic and shallow sea environment. Fig.3 reports the
normalized Standard Penetration resistance (NI(GO)) reduced to the rod
energy equal to 60%, the mean particle size Dg; and content of particles
larger than 2 mm collected at the two locations. The data in Fig.3 show that
the penetration resistance within the Pleistocene deposit is at best 10 to
15 percent higher than those of the Holocene Coastal Plain deposits. This
is, at least partially, in disagreement with the conclusions by Skempton
(1986) concerning the influence of geological age on Standard Penetration
resistance. At the same two sites shear wave velocities V; have been
measured using the cross-hole technique. Fig.4 reports the modulus number K,
of the maximum shear modulus G, as obtained from the measured shear wave
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velocities (K, = maximum shear modulus normalized with respect to o). It
can be seen that at the tower foundation location the value of Ky within the
Holocene deposit is approximately 3 to 4 times lower than those encountered
in the underlaying Pleistocene formation. Furthermore, the values of K
within this latter formation at both 1locations coincide. The different
sensitivity of SPT and shear modulus to the age of deposits appears evident
for the examined case. Detailed pgeological investigations have been
undertaken with the aim of explaining the reasons for the difference in K,y
in these two sand-gravel deposits having similar index properties and pene-
tration resistance. The results of these studies showed that besides of the
different amount of accumulated secondary compression, the Pleistocene depo-
sit is very lightly cemented by calcium carbonate of biochemical origin and
by oxides of iron and manganese. For further details see Ghionna and Jamiol-
kowski (1991).

Another interesting field case is represented by the University of
Pavia testing site, see Ghionna et al. (1991), where a deposit of natural
Ticino river sand having an age ranging between 15,000 years (top) and
30,000 years (bottom) is encountered at the depth =12 m below ~ L.. The
grading of this natural Ticino sand and of that used extuusively in the
Italian CC research are compared in Fig.5. Fig.6 reports the values of G, as
inferred from in situ seismic tests, self-boring pressuremeter tests (Bel-
lotti et al. 1989), engineering correlations with results of SPT’'s and CPT's
and laboratory tests performed on the specimens reconstituted and reconsoli-
dated to the state (e, vé) supposed to exist in the field.

The data reported in Fig.6 clearly show that both laboratory tests and
engineering correlations based on in situ tests results, underestimate the
value of Gy-

More specifically, the underprediction of G, 1is observed in the
following:

— the correlation of q. Vs G_ based on CC test results, see Bellotti et al.
(1989), Baldi et al. (1989);
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- the correlation of Ngpr vs G, established for very recent alluvial

deposits in Japan, see Ohta and Goto (1978);

— the values of G, Inferred from the SBPT's using the approach suggested by
Bellotti et al. (1989) also established on the basis of the CC test
regults.

This underprediction ranges between 25 and 40% below the G.V.L. and it
results even higher above G.W.L., suggesting that some kind of oxidation
and/or cementation might be present.

Again, as for sands and gravels deposits at the location of Messins
Strait Crossing the G, appears to be much more sensitive to the effects of
the geological time than the results of SPT's and CPT’s.
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b. Drained Creep

Recents works by Mesri and his co-workers [Mesri and Castro (1987);
Mesri (1989); Mesri et al. (1990)] have shown that secondary compression
influences the mechanical properties of granular soils. Without going into
details, in works mentioned above it is suggested that G, increases with
time due to secondary compression. This increase can be estimated from the
following empirical relationship [Mesri et al. (1990)] based on the
assumption that at given e, G, is proportional to the square root of
consolidation stress:

c _/C
N = 86 _ exp |1.15 -——21—5—— -1 (¢8)
1- Cr/Ca

where:

AG = increase of G, per log time of secondary compression [at least in
principle, this value of AG should be also for stiffness evaluated at
higher strain level]

G, at end of primary compression

(2 I 7]
-}
]

Q

= coefficient of secondary compression de/d log t

= compression index beyond vertical yield stress -~ de/d log o,

O O
L2 N ¢

= recompression index up to the critical vertical yield stress
de/d log oy,.

With typical value of 0.015 < ca/Cc < 0.03 [Mesri et al. (1990)] and
0.1s ¢ /C, = 0.17 one gets for granular soils 0.017 =< Ny < 0.037. The
resonant column tests performed at the Technical University of Torino [Lo
Presti (1990)] 1led to the values of Ny for granular material tested by the
writers shown in Table II:

TABLE IT. Values of N, for four granular soils.

Soil N
Ticino sand 0.012
Hokksund sand 0.011
Belgium Glauconitic sand 0.039
Messina sands and gravels 0.022 to 0.035

These values of N, appear to be in good agreement with those predicted
by means of the empirical formula suggested by Mesri et al. (1990). However,
they probably slightly overestimate the increase of G, per log time of se-
condary compression, incorporating also a small reduction of e which in turn
determines an increase in stiffness.

As far as in situ tests and particularly, penetration tests are concer-
ned, the influence of drained creep on their results is not yet well wunder-
stood. From the work by Skempton (1986) one can infer that the SPT resistan-
ce in aged sands should be 25 to 50% higher than those in recent Holocene
deposits,




Mesri et al. (1990), referring mainly to sands which had been previou-
sly subjected to densification processes, postulated the following empirical
relationship expressing the increase of cone resistance with secondary com-
pression:

(2)

€4 Co
RONE K B
9. (tp) |ty

9 (t) = cone resistance at time t > tp

q, (tg) = cone resistance at an arbitrary selected reference time tg equal
or higher than tp necessary to achieve the primary consolidation

Cq = parameter reflecting any non-static mechanism leading to the
reduction of e.

The above empirical expression leads to the conclusion that drained
creep influences to a similar extent the increase of q. and G, with time. To
be confirmed this postulate requires further research and field evidences.
Its validity might be limited only to granular soils which have been
subjected to vibratory and impact densification. For further details regar-
ding the field cases on which Mesri et al. (1990) proposal is based, see
Mitchell (1986), Hryciw (1986), Mitchell and Solymar (1984) and Mitchell
(1988).

At present, the problem should be framed between two extreme limits: an
upper bound postulated by Mesri et al. (1990) and a lower bound, resulting
from the assumption that the large straining caused by penetration
destructures the surrounding soil, at least within the limit of plastic
zone. In this case, the influence of geological time, hence of drained creep
on q, should be ideally 1linked to the increase of the stiffness in the
outer elastic less strained zone where soil probably has not been
destructured. This kind of scenario is implicitly connected to the idea that
the mechanism of the cone penetration in sand can be in first approximation
modelled by the theories of expanding cavities, hypothesis supported by
recent work by Schnaid and Houlsby (1990).

In order to understand what could be the contribution of the increase
in stiffness in the elastic zone towards an increase in q_, simple calcula-
tions have been performed using the theory of expanding cylindrical cavity
incorporating stress-strain non linearity modelled by a hyperbola, see Tseng
(1989).

The calculations have been performed using stress-strain and strength
characteristics of clean Ticino sand assuming no volumetric strain in the
plastic zone [A = O, referring to Vesic (1972) theory] and the obtained
results are shown in Table III.

From what is shown in this table one can argue that when the initial
tangent stiffness E{ increases 1008, the q, increases from 26% in loose
sands to only 12% in very denmse sands.

c. Cementation

Another structure-forming process frequently present in many natural
deposits of granular soils is cementation. Reference is here made to a very
light cementation which can seldom be detected by conventional site investi-
gation techniques. As far as classification of cemented granular soils is
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Table II1. Influence of non-linear stiffness on q_.

Tseng (1989) cylindrical cavity expansion model with hyperbolic
stress-strain relationship in elastic zone and with A = 0.

MEDIUM DENSE SAND, ¢ = 36°, a=0° (%)

E' (MPa)] 20 24 30 40

Qe (MPa)| 42 45 48 53

DENSE SAND, ¢} = 40°, a =7°

E!! (MPa)] 45 54 68 90

qc (MPa)] 7.0 73 79 85

VERY DENSE SAND, ¢p = 44°, a = 10°

E) (MPa)l 110 132 165 220

q. (MPa)| 130 135 140 145

All values of g, computed for o, = 100 kPa.

(*) Angle expressing non linearity of shear strength envelope
{Baligh, 1975)

concerned see Rad (1983).

The influence of such light cementation on stress-strain and strength
behaviour of granular soils has been quite intensively investigated in the
last decade [Rad (1983); Sitar (1983); Avramidis (1985); Al-Ghanem (1989),
Poulos (1989)] through testing both artificially and naturally cemented
soils.

Based on the results of these studies the following can be inferred:

- Cementation confers soils some value of cohesion intercept c¢’, with an
almost negligible influence on the peak angle of shearing resistance (dé).

—~ For very lightly and lightly cemented soils (Rad (1983)] the magnitude of
¢’ is relatively small, and generally does not exceed 20 to 40 kPa.
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As an example, the strength envelopes of both uncemented and artificially
cemented with 1% of portland cement Monterey 0/30 sand is shown in Fig.7.

In contrast, even very light cementation has an important influence on the
stiffness, especially at small and intermediate strain levels, see Fig.8.

The stiffness of artificially cemented sands increases with the amount of
cement, see Fig.9. In the case of 65003 cementation, the whole problem
becomes more complex, Al-Ghanem (1989) found that in the arificially
CaCO3-cenented Monterey sand there is a kind of threshold content of
cemented agent at which one achieves a maximum gain in the mechanical
properties. Beyond such a treshold value of CaCO3 both stiffness and
strength tend to decrease.
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FIG. 9. Influence of cementation on maximum shear modulus of Monterey sand
Adapted from Avramidis (1985).
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— Works by Sitar (1983), Rad (1983) and Al-Ghanem (1989) indicated that the
mechanical behaviour of articially cemented sands is not substantially
different from that which has been naturally cemented.

— The structure of lightly cemented granular soils is very brittle and
extremely sensitive to sample disturbance.

Unfortunately, very little is known as far as influence of cementation
on in situ tests and especially penetration tests results is concerned. The
information available in literature [Rad and Tumay (1986) and Evans (1987),
Poulos (1989)] 1is not conclusive in that respect.

In order to get a preliminary information on the possible influence of
light cementation, the values of q, have been computed with reference to a
loose silica sand using classical bearing capacity formula valid for axis-
symmetrical case [Berezantzev (1970)]) and by means of Vesic (1972, 1977)
approach making reference to the expanding cylindrical cavity theory.

The values of q, computed for ¢’ = 36° and c’ equal respectively to 0,
20 and 40 kPa are reported in Table IV. Both simplified calculation approa-
ches tend to suggest that a moderate cohesion intercept leads to an increase
of q, of the order of 22 to 45%. This might suggest that also cohesion

Table IV. Influence of ¢’ on q, in loose cemented sand.

Vesic (1972) cylindrical cavity expansion model with 4 = Q:

c'
(kPa)l 20 40
(MPa)
G
20 8.9 113 | 125
40 - 152 | 163
60 - - 19.4

Berezantzev (1970) bearing capacity theory:

(kf,a) 0 20 40
(ME) 85 10.4 123

Al values of q. computed @ = 36° and 0= 100 kPa
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intercept has a moderate impact on penetration resistance. Probably, also in
this case as in that of the drained creep, the influence of light cementa-
tion on the penetration resistance should be linked to the contribute from
increased stiffness in the outer less strained zone.
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FIG. 10. Influence of cone size on cone resistance of Toyoura sand.
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4. CHAMBER SIZE AND BOUNDARY CONDITIONS EFFECTS

As previously noted, the limited size of the CC raises the important
question of the validity of the obtained experimental results. This |is
mainly linked to the possible influence of the presence of the lateral
boundary of the CC specimen. Chamber size effects are very difficult to be
examined from a theoretical point of view, especially for penetration tests,
for which the numerical analysis results to be very complex. In the case of
CPT the existence of the chamber size and boundary conditions effects can be
recognized in the following experimental facts typically encountered in
dense silica sands when using a CC which is not sufficiently large:

— penetrating a specimen under constant boundary stresses a larger cone will
give a smaller q. than a smaller cone, see Fig.10;

— for a given D /d, ratio, the measured q. depends on the applied boundary
conditions, see Fig.ll;
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FIG. 11. Influence of boundary conditions on cone resistance of very dense
Toyoura sand.
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— especially in CC’'s having both top and bottom rigid, the stress distribu-
tion within the specimen might not be uniform as evidentiated by the FEM
analysis performed by Sweeney (1987), see Fig.12.

The experimental data suggest that for a given sand and Dc/dc ratio,
chamber size effects are more pronounced in dense than in loose state and
their importance decreases with increasing compressibility of tested mate-
rial. Even if the examined phenomena are difficult to be quantified, the
data reported in Fig.s 13 through 15 and Table IV document the above
mentioned trends. The experimental results:

— clear the importance of Dc/dc ratio on CPT results, Fig.10;

— suggest that in silica materials of low and moderate compressibility 1like
Toyoura and Monterey sands, even in loose state, D./d, higher than 30 to
35 is required in order to 7vr 'd chamber size effects, Figs.13 and 14 and
Table 1IV;

- confirm that for the sa - types of sand in dense and very dense state,
D./d. = 60 1is necessary in order to minimize the iunfluence of the
proximity of the iateral boundaries, Fig.s 13 and 14;
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FIG. 12. Stress distribution in CC specimen from FEM analysis
Monterey 0/30 sand, Dy ~ 24%. Sweeney (1987).
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— emphasize the paramount importance of the compressibility of tested sand
on the manifestation of the chamber size effects, Fig.l15.

From the above statements it appears that in sands of low and moderate
compressibility the use of CC's having dimensions sufficiently large to
avoid the chamber size effects for dense specimens, might meet limitation in
the cost-effectiveness of the research.
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The problem can be at least partially overcome, implementing a computer
controlled feed-back, at the radial boundary of the specimen to simulate the
stress which will occur at the same radial distance in case of a cylinder
.having infinite radius. This solution has been adopted during the SBPT's
performed in the ISMES CC following the concept illustrated in Fig.16. The
expansion curves obtained in dense Ticino sand when using this type of
radial boundary control yielded the ultimate cavity stress only slightly
lower than those corresponding to o) -~ const. and 4¢, ~ 0 boundary
conditions. Unfortunately, the use of this type of control is less straight-
forward for more complex boundary value problems than it is for pressureme-
ter tests. To attempt the same in case of penetration, dilatometer or plate
loading tests, preliminary numerical simulations of each specific CC test
with a help of an adequate costitutive equation, will be necessary.

Finally, considering the costs of each CC test, it 1is suggested that
some of the unsolved problems mentioned in this paper, including that of the
chamber size effects, can probably be solved in a more cost-effective manner
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FIG. 16. SBPT in Calibration Chamber simulating infinite boundary.
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by combining centrifuge and large size calibration tests. As an example
Fig.17 shows a comparison of results of CPT’'s performed in Ticino sand using
both CC and centrifuge.
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5. FINAL REMARKS

The paper presents a brief review of the present status of the CC
testing and the related problems which need to be solved for a new impulse
to be given to this area of geotechnical research.

From what previously reported the following final remarks can be formu-
lated:

1. With few exceptions the present experience is limited to the tests on
clean uniform sands, almost always predominantly silica materials of
low to moderate compressibility. Therefore, the need to extend the CC
experiments to more realistic types of granular deposits such as:
silty, crushable, slightly cemented, etc., granular materials, is
urgent.
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2. In the last decade it has been demonstrated that geological time and
related fabric and structure-forming processes play an important role
in the mechanical behaviour of granular soils. In this circumstance,
keeping in mind that CC tests are run in freshly deposited sands, it
becomes imperative to understand better, and possibly quantify, the
influence of this factor on the reliability of the engineering correla-
tions worked out on the basis of this type of research.

3. Due to practical reasons the CC in use have finite dimensions. This
fact, together with a lack of knowledge of the real conditions in terms
of stresses or strains which one has to impose at the specimen bounda-
ries are responsible for the so called chamber size effects which poses
some question-marks regarding the use of the engineering correlations
established from the CC tests in the field situation.

This problem which has not yet completely understood from a theoretical
point of view and which has been only partially documented by experi-
ments as far as cone and pressuremeter tests are concerned, deserves
further research efforts.

Incidentally, the extension of CC research to the use of more realistic
types of soil which are usually more compressible, will attenuate the
impact of the chamber size and boundary conditions on test results.

4. Also, the techniques used to prepare the large dimension specimens for
CC tests even with clean uniform sand is not fully satisfactory, espe-
cially at intermediate densities. The problem becomes more acute when
moving into the preparation of CC specimens of non uniformly graded and
silty sands. For such materials, new techniques assuring preparation of
uniform and repeatable large size specimens, are needed.

5. Because testing in large size CC’s is time-consuming and expensive, it
might be convenient and cost-effective to combine it with centrifuge
testing.
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ABSTRACT

This paper reports the results of 8 CPT’s performed in
calibration chamber tests on biogenic. ' carbonatic Quiou
sand.

The compressibility and cone resistance of this highly
crushable sand are compared against those of silica Ticino
sand which has been subject to a comprehensive series of
calibration chamber tests. This comparison reveals the
importance that the compressibility and crushability exerts
on both cone resistance and stiffness.

Furtherly, the high compressibility of the Quiou sand is
documented via the results of oedometer tests that have
reached the range of vertical stress of 12 to 13 MPa.

1. INTRODUCTION

The recent interest [Demars and Chaney (1982), Jewell and Andrews
(1988), Jewell and Korshid (1988)] in the study of calcareous sediments has
been stimulated by the extremelly low measured load capacity of offshore
piles installed in these materials [Angemeer et al. (1973)] compared with
the values predicted by conventional methods. Calcareous offshore sands are
originated primarily from biological processes that involve the sedimenta-
tion of skeletal remains of marine organisms from the upper waters of the
ocean. After deposition various processes take place, the most important of
which {s the cementation due to the precipitation of bonds.

The main geotechnical features of the calcareous sediments are [Semple
(1988)] angularity and structural weakness of their particles, wvariable
cementation and the occurrence of calcareous sediments at higher voids ratio
than silicate sediments. Hence, unlike silica sands, calcareous sediments
tend to exhibit a volume reduction upon shearing, even at low stresses. It
is now believed [Poulos (1989)] that while the crushability of the grains
and the variable cementation are important features [Datta et al. (1982] of
these soils, the initial voids ratio [Semple (1988)] plays a key role in
determining the behaviour of calcareous sediments and if duly considered
some of the differences in behaviour between calcareous and non calcareous
sediments become less significant. It has also been shown [Coop (1990)] that
despite particle breakage, the behaviour of calcareous sands 1s consistent
with the mean features of critical state soil mechanics.

Due to the characteristics outlined above, good quality sampling of
calcareous sands is hampered by crushing of grains and damage of cementation
bonds, thus laboratory testing should be complemented by means of in situ
testing. Classification procedures developed for terrigeneous materials
Copyright 1991 by Elsevier Sci Publishing Company, Inc.
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based on CPT tests [Robertson and Campanella (1984)] have been applied to
calcareous sediments with relative degree of success ({Ebelhar et al.
(1988)], though at present the CPT is unable to distinguish between cementa-
tion and relative density [Rad and Tumay (1986)].

This paper presents preliminary results of CPT tests of an uncemented
calcareous sand in a calibration chamber. This study is part of a wider
research project on the evaluation of in situ tests performed in sands
[Baldi et al. (1985), Jamiolkowski et al. (1988)). The final aim of this
study is to provide design parameters for soils most commonly found in
nature, such as silty sands and crushable sands, and which are different
from the accademic uniform quartz sands usually tested in calibration
chambers.

2. TESTED SAND

The test sand was dug-out from the borrow area close to the village of
Plousne, about 20 km from the town of Dinane Bretagne (France). The minera-
logical composition of the Quiou sand is reported in Table I, which also
gives information about the shape of the sand grains. As it can be seen it
is essentially a biogenic carbonate sand having subangular to subrounded
grains.

Table I. Mineralogical and morphological analyses of Quiou sand.

SHELLFRAGMENTS === 735%

MINERALOGICAL CALCIUM CARBONATE AGGREGATES __ 145 %
COMPQOSITION QUARTZ 11.8 %
| ROCK FRAGMENTS 02 %

VERY ANGULAR 15 %

ANGULAR 182 %

GRAIN SHAPE f SUBANGULAR 500 %
SUBROUNDED 288 %

ROUNDED 15%

The sand, treated with a solution of HCL at 5%, revealed the CaCo0-
content equal to about 77% in weight. This value is in good agreement witlk
the result of a stereo-microscope analysis which indicated that about 80% of
the examined grains are composed of calcium carbonate. Levacher (1988)
obtained 79% of calcium carbonate for a coarser Quiou sand. The predominance
of calcium carbonate in these soils is the reason why they are called
"calcareous sands".

Figure 1 shows the gradation curve of Quiou sand, which contains about
208 of grains passing through sieve n®200 ASTM. Because of problems arisen
in the preparation of the Calibration Chamber (CC) specimens, it was decided
to use in the first series of CC tests QS having only 3 to 4% of fines. The
grading curve of this material is also shown in Fig.l. On the above material
the maximum (Vmax) and minimum (7n1n) density have been determined following
the ASTM Standard D-4253-83 procedure and the related results are shown in
Fig.l.
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FIG. 1. Calcareous sand of Quiou.
3. OEDOMETER TESTS

A series of four oedometer tests at high stress levels has been
performed at relative densities varying from 35% to 958%. The specimen have
been prepared by means of dry pluviation as for calibration chamber speci-
mens. It i{s well known that calcareous sands undergo considerable creep
deformations {Semple (1988); Coop (1990)] and for this reason each loading
step was limited to 30 seconds.

Voids ratio versus effective stress data of three tests are shown in
Fig.2. It is seen that the three specimens reach the virgin consolidation
line at much lower stress levels than those necessary for the silicate sands
to reach it. It also appears that particle crushing is gradual and this
point 1s furtherly discussed in the following. Hence there is no clear
definition of the yleld stress. As the relative density increases the virgin
consolidation line is reached at higher stress levels.

The average virgin compression index C. of Quiou sand is 0.33. This
value 1is close to C_,k = 0.34 of an uncemented calcareous silty sand [Fahey
(1988)] but is lower than C. = 0.50 of the North Rankin soil [Semple (1988)]
and even much lower that the C. = 0.76 of the Dog’'s Bay sand [Coop (1990)].
Again a direct proportionality appears to exist between C. and initial voids
tatio, as suggested by Poulos (1989), i.e., the greater the voids ratio the
greater the value of C..

The svelling lines of the three specimens indicate extremely low values
of C,, 1.e., and almost irreversible plastic behaviour resulting from the
soil crushing. Therefore, unlike terrigeneous materials, calcareous soil
present very high values of C./Cq:+ which feature is also observed by Coop
(1990).
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A study of soll crushing has been performed for Quiou sand in which
saturated specimens have been subject to different high vertical stresses
and subsequent grading tests made in each of them. Results of grading tests
at the two extreme soll conditions, i.e., the unstressed specimen and the
specimen stressed at 25 MPa are shown in Fig.3a. For each tested sample D5q
has been chosen as the parameter to represent particle size and it is
plotted, similarly to Coop (1990), against the maximum stress attained
during the test, as shown in Fig.3b. It is seen that particle breakage
initiates at low stress levels, i.e., before stress levels corresponding to
yield are reached. The same study has been performed in a series of dry
specimens but, as expected, grain crushing was less severe than for
saturated specimens.

4. EQUIPMENTS AND PROCEDURES

The tests presented hereunder have been performed in the ENEL-CRIS
calibration chamber [Bellotti et al. (1982)] which can test a cylindrical
sample of sand 1.2 m in diameter and 1.5 m in height. The equipment consist
in a double wall chamber, a loading frame, a mass sand spreader for sand
deposition and a saturation system. Boundary stresses or strains can be
strictly controlled in the calibration chamber during both specimen prepara-
tion and penetration test.

All specimens have been prepared by pluvial deposition of dry sand in
air wusing a gravity mass sand spreader. Sample formation has been performed
in one operation using a sand container which holds enough sand for the
specimen preparation. Values of relative density (Dg) ranged between 49 and
97%. These values of Dp should be considered as approximate because of the
difficulties in assessing Tpax 879 T, in highly crushable sands and
because of the small changes these values undergo with the repeated wuse of
the same stock of sand for the tests. These differences exist even with the
precaution of disregarding the 80 mm in diameter central core of the speci-
mens after each CC test. The uniformity of the specimens was generally good,
although somewhat erratic for medium-dense specimens 49% < Dp < 628. A se-
ries of eight CPT tests have been performed and these have been assigned
numbers 356 to 363.

All penetration tests have been conducted in normal consolidated speci-
mens, i.e., under the same stress conditions in which the specimens have
been prepared. Five tests have been subjected to one-dimensional consolida-
tion, 1.e., under conditions of zero lateral strain. The remaining three
tests have been consolidated along stress paths with the stress ratio o /o",c
equal to 1 and 2. Therefore, all specimens have been penetrated under condi-
tions corresponding to constant boundary stresses (B-1).

Out of eight specimens, three were tested in dry conditions and five in
fully saturated conditions. The technique used to saturate CC specimens has
been described by Bellotti et al. (1988) and allows achievement of a very
good degree of saturation reflected in the values of B ranging between 0.93
and 0.99.

All tests were performed using a standard 10 cn? ISMES electrical cone
penetrometer. For tests in saturated specimens the penetrometer tip was
furnished with a special hardened steel porous stone allowing measurement of
the pore pressure during penetration. In the case of test n*358 the porous
stone was located just behind the cone base, while the remaining four tests
(359 through 362) were performed with a tip having the porous stone at the
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cone apex. The pore pressure during cone penetration was simultaneously
measured by means of ihe miniature piezometers embedded in the sand mass
during pluvial deposition.

5. CPT TEST RESULTS

The results of the eight CC tests performed are summarized in Table II.
It is seen that values of sleeve friction are extremely low, giving values
of friction ratio FR always less than 0.1%. This suggests that there is
little relevance in measuring friction loads in calcareous sands, though FR
values as high as 4% have been obtained for some calcareous silty sands
[Beringen et al. (1982), Ebelhar et al. (1988)].

Pore pressure measurements Au by means of both the piezocone and
plezometers embedded in the CC specimens, Fig.4 indicated that the cone
penetration has occurred under virtually drained conditions. Indeed,
associated pore pressure parameters B [Sennesset and Janbu (1984)] to
measured values of q and Au are virtually zero, as the former are much
greater than the latter.

Typical results of point resistance versus depth are given in Fig.5a
for tests 360 and 362 performed under very close stress conditions, but
different relative densities. It {s seen the greater uniformity of the
denser specimen, yielding, as expected, greater values of the point resi-
stance. Tests 356 and 358, performed under very close relative densities and
mean effective stresses are shown in Fig.5b and it is seen that the margi-
nally greater relative density of the second test is offset by its saturated
condition and very close point resistances are obtained. It is known [Baldi
et al. (1985)] that the saturated condition decreases the point resistance
by about 10% when compared with the dry condition.

It has been a recommended procedure [Been et al. (1986, 1987), Wroth
(1988)] to analyse results of CPT tests in sands using the normalized cone
resistance defined as:

- 9c ~ Py
e =~ 7
Po
where:
P, = mean total stress acting on the CC specimen during cone penetration

Po = mean effective stress acting on the CC specimen during cone penetra-
tion.

Figure 6 shows EC versus voids ratio e of two well studied silica sands
and Quiou sand. It can be observed that g, for both silica and calcareous
sands exhibit a well defined trend versus e [Semple (1988)].

Evans (1987) performed calibration chamber tests using a blunt penetro-
meter (virtually no change in q, was noticed when a 60° cone was used) in
Dog’s Bay sand at a voids ratio of 1.70. Computed values of Ec using Evans
(1987) data for the present stress range (50 < Po < 130 kPa) varied between
34 and 53 [for the whole stress range (33 < p; < 417 kPa) ﬁc varied between
21 and 61], hence lower than those of Quiou sand. Therefore an increase in
voids ratio further decrease values of ﬁc. thus supporting the findings
reported In Fig.8 and the key role of the voids ratio [Semple (1988)] in
calcareous sand behaviour.
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Point resistance of Quiou sand and of Ticino sand are compared in Fig.7
at equal values of relative densities. As expected it appears that at equal D
the cone resistance of the latter is appreciably higher than that of former,
this difference being greater with increasing Dp. The results shown in Fig.7
suggest that the use of q, vs Dp established for silica sands [e.g.
Schmertmann (1976); Jamiolkowski et al. (1988)) for calcareous sand can lead
to a too conservative estimate of Dg.

Following each penetration test some amount of soil was taken from the
mid height of the specimen and this was subject to grading analyses in which
the percentage passing in ASTM sieves numbers 100 and 200 were recorded. In
Fig.8 the percentages passing are related with the point resistance for
Quiou sand and two well studied silica sands. It is seen that a given
increase of point resistance induces a much greater increase in the
percentage of soil passing in the Quiou sand than for the two silica sands.
In other words the lines q, versus percentage passing are much steeper for
silica sands. This feature is observed for both the 100 :ieve and the 200
sieve. Therefore, it 1is seen that the cone penetration causes particle
breakage in general, which however, is much greater for calcareous sands, as
expected. A detailed study of crushability of sands in general has been
presented by Bellotti et al. (1991).

Measurements taken during cone penetration evidenced that all eight
tests, Including the densest one (test 362), had exhibited a contractive
behaviour, in evident contrast with what observed for specimens of silica
sand, thus confirming the pronounced compressibility of the tested sand.

Referring to five tests (356 to 359 and 363) during which the CC speci-
mens were subject to one-dimensional consolidation, the values of the
tangent constrained modulus M, evaluated at the same vertical stress at
which the CPT was performed, results between 7.2 and 14.2 MPa, as shown in
Table II. This is almost one order of magnitude lower than those typical for
silica sand at the same DR‘ However, the obtained M values normalized with
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respect to the vertical effective stress (a",) lead to a non-dimensional
modulus number KE which, if plotted versus e, exhibits a trend similar to
that observed for two silica sands tested in the CC, as shown in Fig.9.

In the tests number 360, 361 and 363, the specimens were consolidated
along stress paths using the stress ratio of /oy, respectively equal to 1 and
2. For these specimens the bulk modulus (B) was evaluated instead of M. The
relative results are also reported in Table II.

I ] 1 i T T T

Sand [} ] n
1000} e R .
QS-calcareous | 1281]| 0831] 0.42
TS-silica 092310575| 038

HS-silica 0894|0.549| 042

500

O Dry Specimens .
® Saturated ol Qs

NORMALIZED CONSTRAINED MODULUS, Ky

et 25)
 Pa=08.1kPa ‘ﬂ\\gtinou sand
~—
0 1 1 ] 1 ] I 1
(1R 08 Q7 08 09 10 11 1.2 13
VOID RATIO, e

FIG. 9. Normalized constrained modulus of two silica and Quiou NC sands
versus void ratio.

6. CONCLUSIONS

Preliminary results of CPT tests in an uncemented calcareous Quiou sand
have been here presented against the background of oedometer tests and
particle crushing studies. Limited data of grain crushing have confirmed the
previous findings according to which a relationship exists between the
applied stress and the Dso of the stressed specimen. The great compressibi-
lity of the calcareous sand was evidenced in both oedometer and calibration
chamber tests.

Results of point resistance q. measured in the Quiou sand are, for the
same relative density, well up to half the value of q, measured in the si-
lica Ticino sand. However, voids ratio seems to be a better reference for
comparing the behaviour of calcareous and silica sands. When normalized
values of constrained modulus and point resistance are plotted against void
ratio, the results of the two types of sands present the same trend,
although smaller values are obtained for calcareous sands.

Grain crushing studies after cone penetration in both Quiou and Ticino
sand have shown a correlation between the percentage of fines and point
resistance and have also evidenced the greater particle breakage of the
Quiou sand.
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PRESSUREMETER TESTING IN A CLAY CALIBRATION CHAMBER

William F Anderson and Ian C Pyrah
Department of Civil and Structural Engineering
University of Sheffield, UK

ABSTRACT

Limitations of laboratory scale simulations of the pressuremeter test
in clay have led to a clay calibration chamber being developed in which
full size field devices may be tested. Instrumented clay beds are produced
in a repeatable manner by slurry consolidation and tests may be carried in
the beds which are subjected to known vertical and horizontal stresses
through flexible boundaries. Some aspects of the performance of the self
boring pressuremeter have been examined.

INTRODUCTION

The pressuremeter is one of the most versatile field testing devices
in that it may be used in a wide range of soil types and that there is a
sound theoretical basis for the analysis of the results to obtain values
for the engineering properties of the soil. It is also, particularly the
self boring version, considered to be ome of the best tools for estimating
horizontal 'at rest’ earth pressure in a soil deposit. 1In clays it is
usually assumed that pressuremeter expansion occurs under undrained
conditions and values are obtained for the shear modulus, G, and the
undrained shear strength, c,,. However, comparative field studies ({1, 2]
have suggested that varying the pressuremeter expansion technique affects
the results. A major problem in carrying out comparative field studies to
examine the effects of using different test techniques is that the
influence of natural soil varjation is unknown. This problem is overcome
by carrying out comparative studies in the laboratory in beds of clay
prepared with known stress history and subjected to known boundary
conditions. Instrumentation in the laboratory prepared clay beds allows
certain aspects of the test to be examined in more detail than would be
possible in the field.

During the pressuremeter test a cylindrical cavity in the soil is
expanded. If it is assumed that radial expansion is occuring under plane
strain conditions and, in the case of undrained testing of a saturated clay
that the soil is incompressible, then radial strains of decreasing
magnitude will occur with increasing radial distance from the cavity
boundary. This situation may be simulated at small scale in the laboratory
either by using a rigid body container whose diameter is so large that the
strains at the outer boundary are negligible, or by using a hollow cylinder
specimen with a flexible stress controlled outer boundary in a modified
triaxial cell.

SMALL SCALE STUDIES

Initial comparative laboratory studies were carried out using both of
the above methods. A 25mm diameter cavity was expanded in instrumented
clay specimens produced by vertical (anisotropic) consolidation of a clay
slurry, prepared at twice the liquid limit, around a 25mm diameter cavity
former in a 1.03m diameter rigid body chamber as shown in Fig.l. The
hollow cylinder specimens were produced by consolidating beds of clay
slurry either isotropically or anisotropically, taking 130mm diameter
specimens and then drilling a 25mm diameter central hole in them. They
were then transferred to the modified triaxial cell shown in Fig.2 and
Copyright 1991 by Elsevier Sci Publishing Company, Inc.
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reconsolidated either isotropically or anisotropically before being tested
by cavity expansion. Details of the equipment, specimen preparation
methods and expansion test techniques have been reported by Eid (3].

Because of the preparation time involved in consolidating the
specimens in the rigid body container only a limited number of tests were
carried out. Similar expansion techniques were used to test hollow
specimens prepared with the same stress history in the modified triaxial
cell. The expansion curves from both sets of tests were analysed to obtain
soil parameters, and it was found that the modulus values from the rigid
container tests were slightly lower than those from the hollow cylinder
tests, probably due to slight differences in the manner in which the clay
was consolidated around the cavity former. Undrained strength values
derived from the test data were found to be higher from the rigid container
tests than those from the hollow cylinder tests. When the complete stress-
strain curves were derived using the subtangent method, it was found that
those for the rigid container teats showed the stress rising to a peak at
about 3% strain before falling off, and then rising again at around 4%
(Fig.3). It is clear that the rigid boundary is having an effect, even
with a container diameter more than 40 times the initial diameter of the
expanding cavity.

Further small scale studies of the effects of using different cavity
expansion techniques have therefore been confined to hollow cylinder tests
on a nunber of different clays in the modified triaxial cell. These tests
have confirmed that altering the test technique, either using stress
control by applying the pressure in increments for fixed periods or strain
control by expanding at a constant rate, does affect the expansion curve
and the derived data {4,5)
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Measurements of pore water pressure within the clay mass during the
tests have indicated that local consolidation occurs, and complementary
numerical simulations of the small scale tests have shown that the trends
found in the laboratory may be reproduced by considering not only local
consolidation but also deviatoric creep during the cavity expansion. The
simulations suggest that creep has the predominant effect in stress control
tests and consolidation has the major influence in strain control tests (6]

In the small scale laboratory tests the influence of consolidation
may be exaggerated because of the relatively short drainage path. However,
numerical simulations of full size pressuremeter tests in San Francisco Bay
Mud indicated that altering the expansion technique would lead to
significant variations in derived parameters [7]. A flexible boundary clay
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FIG.3. Derived shear stress-strain curve for cavity expansion test in
rigid body container
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calibration chamber, in which full size field test devices may be inserted,
has therefore been developed. In this chamber not only may the effects of
varying test technique be examined, but the performance of the field test
equipment may also be studied in detail.

CLAY CALIBRATION CHAMBER

The preparation of repeatable clay beds with known stress history
entails consolidating clay from a slurry and this causes problems due to
the large volume changes which occur and the considerable time it takes for
full consolidation. The calibration chamber was designed, and test
procedures developed, so as to minimise these problems.

The calibration chamber, shown in Figure 4, consists of a single
thick wall cylindrical body, 1.12 m high x 1.03 m diameter with stiffened
flanges to which 45mm thick end plates are bolted. The chamber is designed
for a maximum working pressure of 1500 kPa under which maximum radial
deflection of the cylindrical body is 0.45 mm. The clay bed has an outside
diameter of 785 mm and a height of approximately 1.0 metre. Around the
clay there is a 1 mm thick rubber membrane. At the base the boundary is
rigid, but the chamber design is such that it may, at a future date, be
converted to a flexible boundary without too much difficulty. The top
boundary is flexible, uniform pressure being applied through an annular
rubber membrane and central piston cutter, through which in-situ testing
devices up to 85 mm diameter may be introduced. The flexible top and
outside boundaries allow either equal or different vertical and horizontal
stresses to be applied to the clay bed. Preparation of clay beds from
sluryy takes place in two stages. Initially the calibration chamber is
fitted with a 1.7 m high rigid body consolidometer (maximum working
pressure 700 kPa) as shown in Fig.5. The inside of the consolidometer is
lightly smeared with silicon grease to minimise side friction during
consolidation. Prior to filling the consolidometer Druck pore pressure
transducers and Kulite earth pressure cells are fixed in the desired
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positions on top of thin metal tubes which take the wires through
instrumentation access holes in the base plate of the chamber.

Testing has so far been confined to Speswhite kaolin (LL = 72X, PL =
36%, 82% finer than 2u). Sheeran and Krizek [8] recommend finding the most
appropriate water content for slurry preparation and placement by trial and
error with about 1.5 to 2 times the liquid limit being a good starting
point. Preliminary tests showed that a consistent slurry of the high
plasticity kaolin could be produced by mixing dry clay with water at 1.5
times the 1liquid limit. The slurry was slowly placed under water in the
consolidometer to try to ensure full saturation. On completion of filling
the slurry had a height of approximately 1.4 metres .nd a rigid loading
plate and concertina rubber membrane, through which a4 vertical pressure can
be applied, were fitted as shown in Fig 5.

After preliminary tests a consistent pressurising technique was
adopted. A 70 kPa vertical pressure was applied for 3 days before being
increased to 280 kPa. One dimensional consolidation took place with
vertical drainage to the top and bottom. During consolidation the volume
of water expelled from both ends of the clay bed, the settlement and clay
bed pore water pressures were logged. Time for 90X consolidation of the
slurry under one-dimensional conditions was some 6-7 weeks, but it was
found that sufficient consolidation had occurred in 3-4 weeks for the clay
bed to be self supporting and for the rigid boundary to be removed prior to
the application of triaxial stresses. The criteria adopted for termination
of the one-dimensional consolidation stage were:

i) clay bed height reduced to 1.00 metre,
ii) average degree of consolidation as indicated by clay bed pore
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pressure transducers was greater than 40%,
1i11) mid-height excess pore water pressures were less than 200 kPa,

When these criteria had been satisfied the consolidation pressure was
reduced, the loading plate and concertina membrane removed and the
consolidometer body slid off the clay bed. The outside rubber membrane was
slid around the clay bed and at the top a sand retaining ring was wedged in
position. This allowed the top drainage layer to be made up with sand to
the thickness required to give the full height of bed to fill the
calibration chamber. It also prevented interaction of the top flexible
membrane and the outside flexible membrane when cifferent horizontal and
vertical pressures were applied to the bed.

The top plate, with flexible membrane and piston cutter attached, was
fitted (Fig.4). At this stage the tubes supporting the pore pressure
transducers were removed leaving the transducers free in the clay bed.
Pressures were applied simultaneously to the top and outside of the clay.
During consolidation under the triaxial stresses double vertical drainage
was allowed, and top and bottom volume changes and clay bed pore water
pressures were monitored. It took 12 days for the average degree of
consolidation, as indicated by clay bed pore pressure transducers, to reach
90%, and at this stage it was considered that the clay bed was ready for
testing. Further details of the equipment and testing procedures have been
reported by Anderson et al. [9).

SELF BORING PRESSUREMETER TESTS

To allow detailed comparisons of the data from the small scale tests
described earlier and full size pressuremeter tests to be made, conditions
in the full scale tests have so far been kept as similar as possible to
those at small scale.

In the majority of the small scale tests on kaolin the one-
dimensionally consolidated specimen was reconsolidated under an isotropic
stress of 280 kPa around a cavity former. This was replicated at full
scale by inserting a Cambridge In-Situ Mark IX Self Boring Pressuremeter
(80 mm dia) into the clay bed at the end of 1-D consolidation prior to the
application of equal vertical and horizontal stresses for triaxial
consolidation around the SBP (Fig.6). One clay bed has also been
successfully subjected to different vertical and horizontal stresses to
simulate K, conditions for normally consolidated kaolim.

Using the above procedures the time taken for clay slurry
preparation, one-dimensional consolidation, triaxial consolidation, SBP
testing and dismantling was 7-8 weeks. By accepting a slight reduction in
the number of ‘virgin’ clay beds tested, and using a two stage technique,
it wvas possible to plan for an increased number of tests within a given
period.

This two stage technique involved allowing up to 24 hours for the
excess pore water pressures set up during the first SBP expansion test to
equalise throughout the clay bed while it remained under pressure with the
chamber drainage valves closed. The chamber pressure was then raised to
560 kPa and the clay bed allowed to reconsolidate. The reconsolidation was
considered complete when the clay bed pore pressure transducers indicated
an average degree of consolidation in excess of 90X. This took about 10
days. The effective stresses in the clay bed after this reconsolidation
were higher than those imposed earlier in the clay bed’s history. It was
assumed that the scate of the clay bed was now such that it lay on the
virgin compression line. However, because of differing stress paths
imposed during the SBP expansion test at 280 kPa, it is recognised that the
beds wers unlikely to be perfectly uniform or repeatable. Nevertheless,
the clay beds reused in this way allowed s lot more data to be obtained and
individual aspects of the pressuremeter test to be examined.
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On completion of each SBP test under the 560 kPa pressure, the
calibration chamber was dismantled. During dismantling shear strengths
were measured using a hand vane, and moisture content samples were taken at
different heights and radial positions. The final positions of all clay
bed instruments were recorded and all instruments plus the SBP were
recalibrated.

RESULTS

Clay bed uniformjity

During both one-dimensional and triaxial consolidation excess pore
water pressures were monitored on a number of transducers situated 500mm
above the base of the chamber i.e. at the mid-height of the consolidated
bed. The maximum variation in the readings of these at any stage of
consolidation was 7 kPa, with values generally within 2 - 3 kPa of each
other indicating a fairly uniform consolidation on any horizontal plane in
the clay bed. .

Whilst post test measurements of water content and vane strength do
not necessarily give a reliable guide to initial bed uniformity (as excess
pore pressures will have been set up in the clay during SBP expansion
leading to a variation in effective stress throughout the bed) it is worth
noting that in any bed the post test water contents at mid-height at a
distance of 300mm away from the SBP (i.e. at a position least likely to be
affected by moisture migration) varied by less than 0.5%, with the
exception of one bed where the variation was 1.3%.

One clay bed was prepared using the normal procedure under 280 kPa
consolidation pressure, and then dismantled without any SBP insertion or
testing so as to check uniformity. Laboratory vane tests were carried out
at 30 locations during dismantling and these gave a mean value of undrained
strength of 23.8 kPa with a standard deviation of 3.0 kPa. Undrained
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triaxial tests were carried out on sixteen 38mm diameter specimens from
different positions in the clay bed and these gave an average undrained
strength of 26.9 kPa with a standard deviation of 3.5 kPa. Thirty samples
of cuttings, each about 50 to 60 gm mass, were taken for water content
determinations. The average value was 45.3% with a standard deviation of
1.0%. A slightly higher average water content of 46.5%, with a standard
deviation of 0.9%, was obtained from the larger triaxial test samples.
This higher value may be a consequence of better sealing in the triaxial
tubes than in the moisture content tins.

When the effective stress changes which occur during the couple of
days which it takes to dismantle the chamber and clay bed are considered,
the undrained strength and water content variations reported above suggest
a fairly uniform clay bed is being produced in the calibration chamber.

Instrument and membrane calibrations

Prior to clay bed preparation all pore pressure, earth pressure and
calibration chamber pressure transducers were calibrated. Immediately
before insertion, the SBP strain arms, total pressure cell and pore
pressure cells were calibrated. A membrane correction calibration was also
carried out. Recalibration was carried out when the test bed was
dismantled. It was found that some drift occurred in all instruments, so
prior to detailed analysis of the results all data were recalculated using
calibration factors interpolated from pre-test and post-test calibrations
assuming a uniform drift with time.

During calibration of the standard SBP Adiprene membranes it was
found that the pressure at which the membrane started to lift off varied
little for each strain arm, but the slopes of the pressure-strain membrane
correction curves varied considerably, giving differences up to 45 kPa at
10% radial strain for the different strain arms. In analysing the SBP
expansion test results it is essential to apply the appropriate correction
to each strain arm and analyse the expansion curve for each arm
individually, rather than using average values for all three arms.

SBP Expansion curves

The expansion curves for individual strain arms for a typical test
are plotted in Fig.7. It can be seen that although the test is being
carried out in a uniform clay bed the expansion is not symmetrical.

An estimate of the ’'at rest’ earth pressure in a soil mass may be
obtained from the pressuremeter results by examining the early portion of
the expansion curve and detecting the pressure at which membrane 'lift off’
occurs. The early parts of the curves shown in Fig.7 are reproduced at
larger scale in Fig.8. It can be seen that it is difficult to assess the
lift off points. However, a best estimate was made for each strain arm in
all of the tests carried out, and the results are compared with the
calibration chamber outside pressure in Table 1.

DISCUSSION

Calibration chambers may be either rigid bodied or have a flexible
stress controlled outside boundary. Numerical studies [10, 11] have
indicated that for undrained cavity expansion in clays the expansion curve
for a test carried out in a thick hollow cylinder may be significantly
different to that performed in a material of infinite extent. Analyses
have been carried out for hollow cylinders of different geometry, viz
outside to inside diameter ratios ranging from 6 to 73, the latter
representing the infinite case. For a particular geometry, the differences
become more pronounced as the cavity strain increases and, based on
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outside to inside diameter ratios ranging from 6 to 73, the latter
representing the infinite case. For a particular geometry, the differences
become more pronounced as the cavity strain increases and, based on
analyses using modified Cam clay, the effect on the derived strength is
more significant than was predicted earlier using an elastic-perfectly
plastic soil model. However, there are obvious practical difficulties in
using a high ratio of outside to inside diameter especially when testing at
full-scale. The small scale tests carried out in the rigid bodied chamber
clearly demonstrate that even with a rigid chamber whose diameter is 40
times the initial diameter of the expanding cavity the boundary effects are
significant above a cavity strain of a few percent. It is therefore
essential to use flexible boundary chambers for pressuremeter studies or
other tests in clay in which lateral straining is likely to occur.
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Table I Estimated 1ift off Pressures

Test No. Chamber Pressure Lift off Pressures (kPa)

(kPa) Arm1l Arm 2 Arm 3
4H 565 520 400 620
SL 282 395 290 300
SH 572 605 770 665
6L 283 395 265 250
6H 569 470 470 470
7L 287 280 280 280
7H 566 390 545 605
8H 566 640 610 530
9L 281 350 350 360
9H 558 660 660 660
10L 285 320 290 320
11L 283 290 365 310
11H 561 500 560 540

Huang et al [12] have reported on the design and performance of a
small flexible boundary clay calibration chamber in which they carried out
model pressuremeter tests with a chamber specimen diameter 18 times that of
the pressuremeter. However the diameter of the pressuremeter is only
11.1mm diameter and scale effects during local consolidation will be even
more marked than they were using the 25mm cavity in the modified triaxial
cell described earlier. Numerical simulations [7,11), have confirmed this
and highlighted the importance of testing at full-scale. Further studies
[10] have indicated that for a test specimen with an outside to inside
diameter ratio of approximately 9, i.e. the ratio for the full size
chamber, the errors due to the hollow cylinder effect referred to above are
approximately half of those when using a ratio of 6.

A major problem in preparing large clay specimens from slurry in a
calibration chamber is the time that it takes for consolidation. Even for
small scale laboratory simulations test specimen preparation can take of
the order of a month. The techniques adopted for clay bed preparation with
the full size calibration chamber allowed a turn round of tests every 2 to
2): months. The clay bed behaviour during consolidation has been discussed
elsewhere [9] but indications from end of test water contents and undrained
strength are that reasonably uniform and repeatable beds were produced.

A major advantage of testing field devices in a well instrumented
calibration chamber is that the instrument performance under real
conditions may be examined in detail. Two aspects of pressuremeter
testing, estimation of 'at rest’ pressure and effects of membrane stiffness
will be considered here.

There has been considerable discussion about the determination of ’'at
rest’ pressure from pressuremeter tests snd various methods of analysing
results have been prepared. For the ’'perfect’' insertion achieved by
consolidating the clay around the SBP it may be expected that the strain
arms, having made a correction for system compliance and membrane
stiffness, would all 1ift off at a pressure equal to the applied boundary
pressure. However, as shown in Table 1, the 1ift off pressures for each
arm generally varied and were rarely similar to the applied outside
pressure. Variations of -35 kPa to + 110 kPa (average + 35 kPa) were found
in the nominal 280 kPa tests and - 275 kPa to + 200 kPa (average + 45 kPa)
were found in the 560 kPa tests. The method or rate of testing did not
seem to influence the accuracy of the 'at rest’ pressure determination.
This would suggest that the effects of varying membrane stiffness and
compliance of the strain arm measurement system of the Cambridge In-Situ
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Mark IX Self Boring Pressuremeter are such that lift off pressure in soft
clay cannot be regarded as an accurate assessment of horizontal earth
pressure.

In field pressuremeter tests in clay the individual arms rarely
strain at the same rate or to the same displacement, and this is usually
attributed to natural soil variability. In a uniform clay bed in the
calibration chamber this would not be expected. However, as shown in Fig 7
uniform straining did not occur and this was found in all SBP tests carried
out in the calibration chamber.

It is probable that this non-uniform expansion is a consequence of
membrane stiffness. When calibration for membrane stiffness was carried
out it was found that individual strain arm corrections varied. During a
test a uniform internal pressure is applied to the membrane in contact with
the soil. The greater the membrane stiffness at a particular arm the less
the pressure actually applied to the soil at that location. This
suggestion was confirmed when the individual arm expansion curves for each
test were examined and it was found that generally the lowest strain at
failure was associated with the arm with the greatest membrane stiffness
correction. For the tests carried out in virgin beds consolidated at a
nominal 280 kPa pressure it was found that derived shear modulus values and
undrained shear strength values for individual arms varied by up to 18% and
13.5% respectively from the average values. These variations are probably
due to varying membrane corrections.

For soft clay the membrane corrections for standard Adiprene
membranes are significant when compared to the pressure levels applied to
the soil. 1In one test it was found chat if the pre-insertion membrane
correction was used the derived undrained strength was 29 kPa. If,
however, the post test membrane correction carried out after the SBP had
been in the clay bed for a few weeks was used the derived strength was 41
kPa. It is suggested that in soft clays the standard Adiprene membrane is
replaced by a softer membrane.

Iu addition to examining individual aspects of the SBP test in the

calibratiou chamber, the instrumentation in the clay bed gives a greater
insight into the soil behaviour than would be possible from field tests.
In particular the pore pressure transducers in the clay bed have indicated
that results from the SBP pore pressure transducers must be suspect and the
assumption that local consolidation occurs due to radial drainage only may
not be valid {6}.

CONCLUSIONS

A flexible boundary clay calibration chamber has been constructed and
specimen preparation techniques developed so that uniform clay beds may be
prepared from slurry. The beds may be subjected to either equal or
unequal vertical and horizontal stresses through flexible membranes. Full
size in-situ test devices may be inserted into the beds and tests carried
out with known boundary conditions. SBP tests carried out in the
calibration chamber have highlighted limitations of using the SBP in soft
clays.
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HYDRAULIC FRACTURE SIMULATIONS IN A CALIBRATION CHAMBER
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INTRODUCTION

Large calibration chambers are mainly used for calibration of geotechnical in situ
test instruments. The data are used to develop empirical correlations and also provide
insight into the fundamental behaviour of the test instrument and soil sample in the
chamber. Golder Associates developed a commercial version of a calibration chamber [1]
specifically to develop empirical correlations between CPT penetration resistance, density
and stress level for sands of particular engineering importance in Western Canada. This
proved to be invaluable, as general empirical correlations developed for other sands were
found not to be applicable in some cases [2].

There is a limited use for a calibration chamber for site specific CPT correlations
in sands. The project has to be very large and important to warrant the costs for a
chamber testing program. However, there are other applications for calibration chambers
such as research into the basic mechanisms of hydraulic fracturing which is described in
this paper.

The oil sands in Alberta represent a major resource of hydrocarbon fuels. This
resource is currently being exploited by surface mining techniques by Syncrude Canada
Ltd and by Suncor Inc near Fort McMurray. Where the oil sands are too deep for
economical surface mining, recovery is likely to be by "in situ" methods. Several pilot
projects have been initiated to develop this technology. In most cases, the recovery
depends on hydraulic fracturing and thermal stimulation. Thus steam is injected into the
formation under high pressures, resulting in hydraulic fractures and heating of the
reservoir. The fractures increase the permeability of the formation and the viscosity of
the bitumen is reduced by the temperature increase. The overall pressure in the
formation is also increased by the injection process. After a period of steam injection,
bitumen production commences.

A good understanding of the hydraulic fracturing process is essential to optimise
the oil recovery process by steam stimulation. For example, fractures that extend into the
caprock or basal formations may be detrimental and well spacing will also depend on
fracture propagation distances. However, little is known about fractures as they are
extremely difficult to trace in situ. The mechanisms of fracturing and fracture propagation

in oil sands, which are uncemented and generally highly dilatant, is not immediately
obvious.

Golder Associates calibration chamber is currently being used to study the
mechanics of hydraulic fracturing in uncemented sands [3]. Following a brief introduction
to the problem, this paper provides a description of some of the experimental apparatus
and procedures being used, followed by presentation of some preliminary results which
illustrate the complexity of the problem.

Copyright 1991 by Elsevier Science Publishing Company, Inc.
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HYDRAULIC FRACTURING IN UNCEMENTED SAND FORMATIONS

In cemented materials hydraulic fracturing can be treated as a parting mechanism.
Typically, the stress strain behaviour of the material is as shown on Figure la, with a
distinct post peak strain softening response. The fracture is formed and propagated
because the tensile strength of the material is exceeded. The material surrounding the
fracture is essentially within the elastic range of behaviour. Fracture mechanics and
bifurcation theory apply to the problem.
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Figure 1a. Typical stress-strain behaviour Figure 1b. Typical stress-strain behaviour
of cemented sandstone reservoirs rock of uncemented oil sands.

In oil sands, which are uncemented, behaviour is dominated by shear dilation. In
general, dilatancy is associated with strain softening of sands. However, sand behaviour
also depends on the boundary conditions such as drainage and displacement constraints.
The stress-strain behaviour which may occur in situ is typically that shown on Figure 1b.
The deviator stress response is strongly strain hardening, because the net effect of the
dilatancy is to increase the effective confining stresses. This increase in confining stress
may be due to negative pore pressures if the material is undrained, or due to a total stress
increase in the surrounding confining material as the dilatant material expands. This
change in stresses around the fracture (or sheared zone) will have an influence on the
fracture propagation that is different from cemented, strain softening materials.

An additional difference between the behaviour of oil sands and cemented
materials during hydraulic fracturing is that oil sands are, comparatively, more permeable.
During injection of fluids into the formation, some of the fluid fills and propagates the
fracture while some of the fluid flows into the surrounding material. (This is known as
"leak-off” in the oil industry.) Fracturing in oil sands is characterized by much greater
leakoff than in cemented materials because of the oil sands greater permeability.




APPARATUS, MATERIALS AND PROCEDURES

The basic configuration of the calibration chamber currently being used to study
the hydraulic fracturing phenomenon in oil sands is shown on Figure 2. This is the same
chamber described by [1] for calibration of the CPT in sands.
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Figure 2. Schematic disgram of the Golder Associates calibration chamber used for hydraulic

fracture tests,

Horizontal stresses are applied by hydraulic pressure through a latex rubber
membrane. Vertical stresses are applied through a moving inner lid, also by hydraulic
pressure. The sample can be back pressure saturated like a conventional small triaxial
sample. It is possible to apply horizontal stresses which are greater than the vertical
stresses with this chamber, and in fact most of the hydraulic fracture tests carried out to
date have been with K, > 1.

A 34 mm outside diameter steel tube can be installed vertically in the centre of the
sample. Hydraulic connectors lead from this tube through the base and lid of the
chamber so that the tube can be deaired and fiushed, or so that fluid can be injected. The
central 50 mm of the tube is perforated with 50 holes, approximately 3.5 mm in diameter,
to form the injection well for hydraulic fracturing.
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In order to monitor the sample response to hydraulic fracturing, a number of

instruments are installed in the sample. These consist of LVDT extensometers to measure
displacements and pore pressure transducers. The number of instruments was minimised

as there is a potential for the instruments to influence the local stresses and fracture
propagation. A compromise must therefore be made between the amount of information
(more instruments) and the quality of the information (fewer instruments to interfere with
the test). Figure 2 shows the approximate locations of the instruments in the chamber.

The hydraulic fracture injection pump is a specially designed and constructed
hydraulic system that can provide constant flow rates at pressures up to 3.5 MPa. It has
a capacity of about 1000 ml. Figure 3 shows the design of this pump schematically.
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Figure 3. Schematic of constant flow rate hydraulic injection pump.

The data acquisition system for the chamber is a IBM PC based system, capable
of scanning and recording 32 channels of data at a rate of 50 readings per second. This
is achieved in burst mode (lasting 20 seconds) during an injection test, which lasts less than
S5 seconds. At other times the system can be set to record data every few seconds, or

minutes,
Materials
The sand used in this study was a very fine, uniformly graded, silica sand, Lane
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Mountain 125 from Washington, USA. The pore fluid was glycerine, a highly viscous fluid
which is also miscible with water. This combination of sand and fluid has a low
permeability so that a fracture could be formed at relatively low injection rates and there
would still be a significant volume of leakoff. Figure 4 shows the grain size distribution
of the sand. The permeability of the glycerine in this sand was measured to be 4.4 x 10
cm/s.
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The injection fluid for hydraulic fracturing was also glycerine, so that it was entirely
compatible with the pore fluid. The injection glycerine was coloured with a fluorescent
dye so that it could be distinguished from the pore fluid when the sample was examined
after the test.

The purpose of the tests was to examine the mechanics of hydraulic fracturing of
oil sands. This is usually carried out by steam injection into a sand matrix containing both




bitumen and water. The real problem is thus extremely complex and involves both
thermal and multiphase flow. However, at this stage the intention is to obtain a better
understanding of some of the basic mechanisms of fracturing and therefore a much
simplified system has been modelled to date.

Procedures
The test procedure involved the following major steps:

- Internal instrumentation was suspended in the correct location in the chamber by
fishing line. At this time the instruments were checked and preliminary zero
readings taken.

- Dry sand was pluviated into the chamber from an overhead hopper in a single lift.

- The chamber lid was installed, the horizontal and vertical stress chambers filled and
a nominal isotropic stress (about 5 kPa) applied to the sample.

- The glycerine pore fluid was then heated to about 70° C. At this temperature, the
viscosity of glycerine is substantially reduced. The heated glycerine was then
allowed to flow into the sample under a gravity head of about 2m. This stage of
the saturation process typically lasted 24 hours. In some cases, where the flow rate
was found to be low, the chamber and sand were also heated by means of heating
coils and tape wrapped around the chamber. Hot glycerine was allowed to flow
through the sample until no more air bubbles were observed in the outflow line.

- After the sample had cooled down to room temperature, the pressure lines were
vented to atmosphere and all instrument zero readings were taken.

- The injection well was deaired by flowing glycerine through it from bottom to top
under a gravity head of less than 1 m.

- The confining and back pressures were gradusally increased to 200 kPa. It
appeared that adequate saturation was generally obtained at this stress level. The
sample was then isotropically consolidated under the desired minimum principal
effective stress (generally 200 kPa in this test program), followed by the application
of the deviatoric component and further consolidation. Consolidation was
monitored by the internal pressure transducers.

- A series of baseline tests were then carried out on the sample before the main
fracture test. These include a B test, a "triaxial” permeability test and a sub-
fracture pressure injectivity test (radial permeability).

- Once the baseline data has been obtained and it is has been confirmed that there
are no leaks in the system, the sample is unloaded to atmospheric pressure to allow
the injection well to be primed with the dyed injection glycerine. The well is then
connected to the injection pump and the fracturing can be carried out.

- The fracture test typically lasts 4 seconds, with up to 80 ml of fluid injected at a
constant rate. During this time the data acquisition system is set on "burst” with
readings of each channel taken 50 times per second.
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- At the end of the injection phase, the well is sealed of and the pressures are
monitored as they dissipate.

- When all the excess pressures have dissipated, the sample is unloaded back to
atmospheric pressures, the chamber lid is removed and sample excavation
commences.

- The sample is excavated in lifts of approximately 30 mm. This is done by hand
with a small scoop or spatula. Because the glycerine is viscous and the sand fine,
drainage is extremely slow and the material is removed in lumps, held together by
negative pore pressures in the dilatant sand. Undisturbed shelby tube samples of
the material are also taken at this stage for later laboratory triaxial and permeabil-
ity testing.

- After each lift has been excavated, the surface of the sample is examined under
ultra violet light for traces of the dye. Even extremely small amounts of the dye
are visible under these conditions. The dye on the surface is marked with coloured
string and the surface photographed under normal light. The dye locations are
then digitised from the photograph. This provides a three dimensional map of
where dye was observed.

During the course of the first few tests, a number of difficulties were encountered
with the apparatus. The latex membrane tended to deteriorate at points of stress
concentration when it was heated for a long period. Thus there were occasional problems
with the seals at the ends of the membrane. In particular, if the O-rings were tightened
down too hard they could extrude the membrane around them resuiting in a leak.

Very small leaks were found to be critical to these tests. It was found that almost
no consolidation (as measured by the pore pressure transducers near the centre of the
sample) would occur if a very small leak existed. In normal CPT testing in the calibration
chamber, pore pressure transducers in the sample are not used and the effect of a small
leak near the ends of the sample is unknown.

The steel ring at the bottom of the chamber for fastening the membrane was
originally fixed by a high strength, high temperature adhesive. The thermally induced
stresses between this ring and the chamber base, however, were sufficiently large that the
adhesive cracked. The ring was subsequently welded in place.

TYPICAL TEST RESULT

The primary information obtained from a typical hydraulic fracture test in the
calibration chamber consists of the injection pressure versus time curve and a map of
where dye was observed. The internal extensometers and the internal pore pressure
transducers only occasionally showed a small response. This lack of response from the
internal transducers is not surprising, given that approximately 50 ml of fluid was injected
into a sample volume of 1.3 m®, which is only 0.004% by volume.

An injection curve is shown on Figure 5. Both the pressure and volume injected
are shown as functions of time. For this test, the initial horizontal effective stress was 400
kPa, the vertical effective stress was 200 kPa (i.c. K, = 2) and the back pressure was 200
kPa. A total of 80 ml of glycerine was injected into the sample over the time period of
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111 to 115 seconds (injection rate of 20 ml/s.)
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Figure 5. Pressure/volume injection curve for hydraulic fracture test.

The peak injection pressure in the well, measured at the perforated zone, was 1200
kPa. This peak pressure occurs at the end of the injection period at 115 seconds. The
pressure in the well then decays rapidly and reaches equilibrium with the applied pore
fluid pressure in about 35 seconds.

After the injection test, the sample was excavated from the chamber in 30 mm lifts
as discussed previously. Each lift was then observed for traces of dye under ultra-violet
light. Figure 6 is a photograph which shows how readily the dye can be detected in this
way.

Figure 6. Photograph of fluorescent dye during excavation of the sample.
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Figure 7.

3.D map of dye observations viewed from several directions.
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Figure 7 shows several perspectives of the map of dye penetration into the sample.
The dye in each 30 mm lift was detected, marked, photographed and then digitised. Each
of the dots on Figure 7 represents a digitised dye location. In general a band or a plane
of dye was observed, rather than discrete points. In this case several points in the plane
or band were digitised, each point representing approximately the same area of detected
dye. The density of dots on Figure 7 is therefore representative of the density of the dye
detected.

It is clear from the photograph and maps that the injection fluid does not only fill
a thin crack through the sand, but that there has been substantial penetration of the
injection fluid into most of the sample. This is attributed to "leakoff". In fact it is not at
all clear from the available information that a fracture was even formed.

The permeability of the sand to the glycerine is such that, at an injection pressure
of 1200 kPa, i.e. the maximum observed in this test, the volume of glycerine that would
flow into the sample is only 4 ml. In fact 80 ml were injected and the injection pressure
was greater than the minor principal stress, so that it must be assumed that the sand was
locally in a failure stress state during injection. The nature of this failure, or fracture, and
its propagation is not yet well understood.

CONCLUSION

This paper has described a novel application of calibration chamber testing to
examine the hydraulic fracturing phenomenon in oil sands.

There were several technical difficulties which had to be overcome for this
application. The pore fluid and sand sample had to be selected carefully to be compatible
with the membranes and other equipment, to provide the appropriate permeability and
to be easily disposable after the test. In order to achieve saturation, the sample and the
pore fluid had to be heated to reduce the viscosity. It was found that the membrane was
prone to some deterioration at stress concentration points under high temperatures. Even
small holes or leaks at the membrane seals could not be tolerated in these tests, because
of the very low permeability of the material.

Few hydraulic fracture tests have been carried out to date, and the mechanics of
the fracture process is still poorly understood. The typical test data presented in this
paper illustrates this quite clearly. The extensive penetration of a very small amount of
the dye into a large sample is surprising. In addition, there is no clear horizontal plane
of "fracture” coincident with the plane of the minor principal effective stress. Further
calibration chamber tests and more extensive numerical modelling are being undertaken
to investigate the problem further.
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COMPRESSIBILITY AND CRUSHABILITY OF SANDS AT HIGH STRESSES

R. BELLOTTI,* C. FRETTI,** V.N. GHIONNA, *** S, PEDRONI, *

*# ENEL CRIS, 90/14 Ornato Street, 20162 Milan; ** ISMES, Levata
Street, 24068 Seriate, Bergamo; *#** University of Pavia, 27100
Pavia;

ABSTRACT

The paper 1is concerned with the crushing measurements
performed on four sands of very different origin and
mineralogic composition; namely : two silica, one calcareous
and one glauconitic sands. sSands crushability was studied both
in an high capacity oedometer apparatus and in cone penetration
tests (CPT) carried out in calibration chamber (CC).

Several crushability indexes were evaluated and their
reliability checked correlating crushability threshold
pressures to yeld pressures observed in one-dimensional
compression tests. Crushing amount in CPT’s was correlated to
cone resistance obtaining a well defined trend.

INTRODUCTION

The importance of sand crushability at high stresses has
been pointed out since long time by several authors [1] [2] (3]
[4] (5] (61 (7] (8] (9] (10] (11] (12}.

The existance of a significant amount of crushing has
sistematically been observed and detected in cone penetration
tests(CPT’s) performed in the large calibration chambers (CC)
for sand in use at ENEL CRIS and ISMES [13].

Evidences on crushalility effects on CPT’s results have
also been reported by [14] (15]) ([16] [17] [18].

In some circumstances the crushed material can determine
the formation of "cemented" zones around the cone. Fig. 1 shows
the material below and around the cone in CPT’s carried out on
glauconitic sand. Fig. 2 shows the conical "plug" under the
cone in a CPT’s performed on calcareous sand. Fig. 3 shows the
conical "plugs" detected under a rigid plate, with the same
diameter of the standard cone, in a plate loading test ( PLT )
performed on silica sand.

Fig. 1
Copyright 1991 by Elsevier Science Publishing C  Inc.
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fig. 3

As generally agreed [9) [10) [11) [12] the most important
effect of particle crushing is an increase of sand
compressibility in the broadest sense including not only shear
and bulk moduli but also dilatancy. Another important effect is
a more pronounced curvature of the failure envelope up to an
ultimate value of the friction angle which seems to be quite
unaffected by crushing.

The combined effect of these factors in CPT’s causes a
reduction of both cone resistance (gc) and lateral friction
(fs) (11) [12] [19).

The above evidences posed cnce again the need of a careful
investigation on the influence of the sand crushability on sand
compressibility and on CPT’s results.

To this purpose a research program was started at ENEL CRIS
geotechnical laboratory aimed at quantifying the crushability
of the tested sands and at correlating it to compressibility
and to CPT’s results.

CRUSHING ASSESSMENT

A complete assessment of crushability effects should take
into account that grain crushing is a very complex problem
which is influenced by several factors like [20):

mineralogy

particle angularity and roughness
particle weakness

grain size distribution

void ratio

cementation

presence of water

stress state and stress path
time.

The paper reports the preliminary results obtained from 4
sands of very different formation and mineralogical
composition; namely: two silica, one calcareous and one
glauconitic sands. Results refer to the crushability behaviour
displayed both in oedometer tests and CPT’s performed in CC.
Crushability in one-dimensional compression has been assessed
using the crushing indexes proposed in literature [7] [9] [20)
[21) [22] {23]. Such indexes fall into two classes:

1) indexes using the modification of the overall grain size
distribution curve (20)
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2) indexes using the differences observed on one or more
specific sieve fractions: such differences are considered
either in terms of percentage passing [7] [22] [23] or in
term of grain diameter [21].

In the present paper, the reliability of the above indexes
was evaluated checking their representativity with respect to
the compressibility behaviour of sands in one-dimensional
compression tests. The results shown in the following
evidentiate that almost all the investigated indexes can be
considered appropriate to the same extent.

Crushing evaluation in CPT’s is much more complex because
the crushed material is unevenly distributed around the cone
tending to vanish at some radial distance from it. The
exstension of the "crushed" region is unknown; furthermore both
the width of this region and the radial distribution of the
crushed particles inside it are modified by the withdrawal of
the cone from the CC.

Consequently crushing measurements concerning CPT’s in CC
must be considered purely conventional and only usefull for
relative assessments. Due to the above aspects, previous
studies on crushing in CPT’s in CC [15] {16] ([13) adopted
qualitative crushing indexes like:

- percentage passing sieve ASTM No. 200 ( P,qq )
- percentage passing sieve ASTM No. 100 ( Py40 )-

Such parameters were chosen because of the very limited
amount of fine particles characterizing the original grain size
distribution of the tested silica sands. The results of the
above studies [15) showed that crushing amount around the cone
was directly related to the magnitude of the cone resistance
(qc). This was an obvious consegquence of the fact that cone
! resistance (q.) is directly
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about them can be found in [24] (25] (26].

OEDOMETER TESTS RESULTS

All sands were subjected to one-dimensional compression
tests in a specially designed oedometer apparatus capable of
applying vertical pressures up to 50 MPa.

[ SAND B
[ G | M T F ]
Grain diameter [ mm )
2 1 ] .2 1 .08
100 %
90 % b,
a0% \ -
70%
B0 %
2 -+ \ |
B 80% . - —-  ER e e
H REAR NN . i'f.\i R R BNE = ST
a 4d0% - - N - R
NNE ‘(7 soMi it . |-
0% = - +— s =
0% _ 3 —- - -
0% - Bas SRS
B B B & = ~
°% % 20 40 80 200
ASTM Sieve n.
Fig. 5 - Ticino sand
N SAND |
L [ I M 1 F 1
Grain diameter [ mm )
H 1 .6 .1 06
100 X < T
0%
80 Y%
70% \
2 0% - I : N\ \
o S0% - - N — -
L. -] B - N - - -
[ BE ol . -
R iiiaane =
N .
30% AL -
s N
20% - - —\ SN
11 - -1t - -~0‘7 N ] \,\\
0%
. N
M 20 40 80 200
ASTM Sieve n.
Fig. 6 -~ Hokksund sand

The oedometer cell, made of stainless steel, houses sand
samples having diameter of 50 mm and height of 25 mm. The
thickness of the oedometer ring is 20 mm, to be sure of
negligible lateral strains occur during the tests.

The vertical deformation of the sand sample is measured by
two electrical vertical trasducers, applied on the top cap and
supported by two rigid bars connected to the base of the cell.
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In this way it is possible to avoid compliance effects of
the apparatus on the vertical displacements of the sand
samples. Compression tests carried out on the top cap and the
steel porous stones allowed to verify that the deformability of
these parts can be considered negligible with respect to the
vertical strains of the sand samples.

sand samples were formed by pluvial deposition method. Only
dry samples of high relative density (Dr = 90%) have been
tested. The tests were performed in loading steps, each sample
being subjected to one loading step only. At the end of each
test the sample was removed and subjected to sieve analysis.
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Figures 5-8 report the results of such sieve analyses
concerning all four tested sands subjected to consolidation
pressures ranging from 1 MPa to 50 MPa.




The modification of the grain size distribution curves was
used to evaluate the following crushing indexes:

Crushing coefficient cc (7]
Cc = (Pigla / (Pyg)j

( Pig Ja = & of sand, after stressing, finer than D10 of the
original unstressed sand
( Pig )i = % of original sand finer than D10

reakage entj [20]

Bp = bp . dp

bp = breakage potential for the particles of size D
P = sieve fraction of particles cf size D
dp = differential sieve fraction
ot e e i [20]
Bt = Bp - Bpo
Bp = breakage potential after stressing
Bpo = breakage potential before stressing

Fineness modulus Fm ([22],([27)

Fp =§::ri

r; = % retained on a specified sieve i divided by 100

Besides the sieve siezes adopted by ACI (1986) (ASTM No.
100, No. 50, No. 30, No. 16, No. 8) the sieve No. 200 was also
considered in this study.

Relative crushing index Cr (21]
Cr = (Dy5)aq / (D15)j

( D35 )5 = grain size corresponding to 15% passing of sand
after stressing

( D5 ); = grain size corresponding to 15% passing of sand
before stressing

Coefficijents €60, €80 (23]
Ceo = (Pgola / (Pgolj

Cago = (Pggla / (Pgglj

(Peo)ar(Pgg)a = * of sand, after stressing, finer than Dg,
and Dg, of the original unstressed sand
respecgively

(Pgo) i+ (Pgg)j = % of original sand finer than Dgq and Dgg
respectively

The variation of the above crushability indexes with the
vertical stress are plotted in figures 9 to 15.
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In addition to the above crushability tests, traditional
one-dimensional compression tests were also performed on all
the tested sands. Dry samples at the same relative density of
the previous ones were adopted. Typical one~dimensional
compression curves are shown in figure 16
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Figure 17 reports the variation of the tangent constrained
moduli (M) with the vertical effective consolidation pressure
plotted in double logarithmic scale.
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A compressibility threshold is observed for all sands where
the plots deviates from the linear trend.

Such threshold corresponds to a yeld point for both silica
and glauconite sands while it is indicative of a more rigid
behaviour for the calcareous sand.

This behaviour is typical of a progressively densified

material and can be associated with the crushability onset of
QS with respect to the other sands. In fact, as shown by
figures 9 to 15, crushing appears to be a progressive process
for QS.
This results in a continous production of fine particles whose
rearrangement causes an increasing densification of the
structure. At some elevated pressure a diagenetic
recrystallization is 1likely to occur; this extreme behaviour
has been observed for the all sands in the utmost part of the
compression curves.

Comparison between figures 9 to 15 with figure 17 shows
that threshold pressures evidentiated by constrained moduli are
in quite good agreement with those assessed from crushability
indexes. Such agreement can be considered a further and more
conclusive validation of the crushability indexes.

For all sands, observed values of yeld pressures range
between 10 MPa and 15 MPa while crushability threshoid
pressures are somewhat higher (15 MPa to 20 MPa).
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CRUSHING RESULTS IN CONE PENETRATION TESTS IN CC

Crushing measurements in CPT’s were performed during the
empthying phase of the CC test. A cilindrical sampler, 120 mm
in height and 100 mm in diameter, was used to recover sand
samples at different depths along the central axis of the CC.

Crushing was expressed as increase in percentage passing
sieves No.200 and No.100 with respect to the original untested
sand. An average value of three measured at different depth
around the mid-height of the CC was assumed and it was related
to the cone resistance detected at mid-height of the sample.

Figure 18 shows the results concerning Ticino sand (TS).
Single points refer to samples with different relative density,
vertical consolidation stress and overconsolidation ratio.

As it can be seen there is a good evidence of a direct
correlation between crushing amount and cone resistance. The
wide scatter of data obliterates the possible existance of a
crushability threshold of cone resistance. Furthermore, for a
given sand, the correlation is gquite indipendent of relative
density, vertical consolidation stress and stress history.
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Fig. 18

CONCLUSION

The paper reports the results of crushing measurements
performed on four sands of very different origin and
mineralogical composition; namely: two silica sands (Ticino and
Hokksund), one calcareous sand (Quiou) and one glauconitic
sands. The crushability behaviour of the sands was studied both
in an oedometer apparatus capable of applying consolidation
pressures up to 50 MPa and in CPT’s carried out in CC.



Several crushability indexes were evaluated (21] (7] (20]
{9] [22] [23) and their trends with the applied pressures were
used to evaluate their reliability.

Crushability threshold pressures were evidentiated by such
trends ranging for all tested sands in the interval 15 MPa to
20 MPa.

These threshold pressures were in quite good agreement with
the yeld pressures observed in one-dimensional compression
curves.

Crushing measurements in CPT’s exhibited a well defined
trend vs. cone resistance which seems to be indipendent of
consolidation stress, relative density and overconsolidation
ratio.
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DESIGN AND DEVELOPMENT OF A SMALL CALIBRATION CHAMBER FOR
COMPRESSIBLE SANDS

R. BELLOTTI,* S. PEDRONI, *
* ENEL CRIS, 90/14 Ornato Street, 20162 Milan, Italy;

ABSTRACT

The paper describes the main features of the new
calibration chamber (CC) for calcareous and silty sands
developed at ENEL CRIS. It is based on the same operating
principles than the existing one but it has smaller dimensions
in order to reduce sand consumption originated by the high
crushability of calcareous sand.

However, due to the high compressibility of calcareous and
silty sands, chamber size and boundary conditions effects will
be less pronounced.

INTRODUCTION

The need to design a calibration chamber, smaller than the
one currently used at ENEL CRIS in Niguarda ( Milan ) [1], has
arisen in relation to experiments on calcareous sand, namely on
Quiou ( France ) and Dog Bay ( Nortern Ireland ) sands.

Both sands show a high crushability that starts to occur at
relatively low pressures.

Fig. 1 shows the changes in the grain size distribution
undergone by Quiou sand ( QS ) during an oedometer test.

It can be noted that these changes occur even at usual
consolidation pressures adopted in calibration chambers.

The higher crushability of QS is also demonstrated by the
crushing measurements performed in the central part of the CC
along the path of a cone penetration test ( CPT ).
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Although these measurements are purely qualitative [2],
nevertheless they can be used for relative assessments.

Tables 1 and 2 show that the amount of crushing measured in
QS are 2 to 3 times higher than those measured in a silica sand
like the Ticino sand ( TS ).

QUIOU SAND
Test N°|Passing sieve 200 ASTM|Passing sieve 100 ASTM
356 6.72 9.62
357 3.9% 4.2%
358 10.6% 11.5%2 Table 1
359 6.2% 8.4%
360 5.4% 8.5%
361 7.9% 11.0%
362 9.8% 12.8%
363 7.2% 12.2%
TICINO SARD

Test n*|Passing sieve 200 ASTM|Passing sieve 100 ASTM| D

R
Tab

113 3.2% 6.0% 921 le 2

14 1.2% 2.5% 52%

115 2.7% 4.9% 79%

Due to the very pronounced tendency to crush, the use of
calcareous sand in the large calibration chamber is problematic
since it involves continous renewal of sand samples and their
replacement with fresh material. It can be estimated that the
amount of sand corresponding to the load of a truck and trailer
is consumed every 10 tests.

In order to find an optimum compromise between the demand
to meet the significant finantial aspects and the need to get
small quantities of sand to ensure the homogeneity of the
various samples, a smaller calibration chamber has been
designed.

Its dimensions will combine a reduced sample volume
avoiding, in the meantime, the imposition of the chamber size
and boundary conditions (BC) effects on the test result.

As far as the CPT are concerned, previous studies [3] (4]
(5] (6] (71 (8) (9] (10] have shown that the effect of the
finite dimensions of the sample may correspond to an increase
or a reduction in cone resistance ( q. ) according to the type
of boundary conditions adopted and %o the overconsolidation
ratio of the samples.

Furthermore it tends to decrease with decreasing the
relative density and increasing the vertical pressure thus
showing a strict dependance on the dilatancy behaviour of
tested samples.

In the most unfavourable case of CPT’s performed on silica
samples tested at high relative density and low confining
pressures ( Fig.2 ), the chamber size and boundary conditions
effects can be completely neglected from a practical point of
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view if the ratio (R) between the diameter of the sample (D)
and the diameter of the cone (d) is equal or higher than 60.

From this point of view, calcareous sands have an advantage
aver silica sands since grains crushing confers them a
predominantly contractive behaviour.
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Fig. 2

Fig. 3 shows this conclusion by comparing the variations in
volume of the lateral anular cell of water surrounding the CC
sample during CPT’s performed on QS and TS.

The tests refer to samples of the relative density and
subjected to the same confining pressures.

As it can be noted the penetration of the cone causes an
appreciable outward displacement of the lateral boundary, while
this boundary remains virtually undeformed for QS.

Siminarly for top and bottom boundary conditions effects,
the influence on q,. tends to vanish more rapidly in the case of
Qs, involving distances not greater than 15 to 20 cm ( Fig.4 ).

All the above results refer to tests carried out with a
standard cone ( ¢ = 35.7 mm ).

Even lesgser effects can be expected by using cones with
smvaller diameter.

In addition to calcareous sands, the future research
program will include the use of silty sands, the main problem
of which is that, compared to sand, silty particles have




different rate of deposition in air. Consequently to avoid
segregation pluvial deposition must be performed in vacuunm.

Preliminary research on pluvial deposition in vacuum with
TS to which small quantities of non-plastic silt have been
added, has demonstrated a tendency of silt to be insensitive to
the spreading effect of the meshes, remaining concentrated in
the areas immediately surrounding the holes of the plate.
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An attempt to overcome this problem with the sanme
deposition technique was made by adopting a device able to
provide a slow rotating motion to the sample during deposition.

However, this system has the disadvantage of causing a non
uniform distribution of the sand along the radius of the
sample.

This is the result of the higher circumpherential
velocities existing at the edges of the rotating sample with
respect to the center.

The problem can be solved by adopting specially designed
shutter plates so that deposition occurs through triangular
slots whose width is established according to the rotation
speed of the sample ( Fig. 5 ).

FIXED PLATE

ROTATING cc

Fig. 5

DESCRIPTION OF THE CALIBRATION CHAMBER

Fig. 6 shows a schematic section of the new calibration
chamber for calcarecous and silty sands which will soon be
operating at ENEL CRIS.

It is based on the same operating principles of the one
currently in use.

Going into more details, the following characteristics have
been preserved [1]:

- loading piston located at the base of the chamber;

- use of flexible membranes on the lateral boundary and on the
base piston;

-~ rigid boundary at the top of the sample;

- undeformed vertical boundary of the sample ensured by the
double wall system;




Fig. 6

uniformity of the vertical pressures applied to the sample
obtained by interposing a cushion of water between the piston
and the samples;

measurement of the horizontal pressures and of the average
lateral boundary displacements of the sample by adopting an
anular cell filled with water surrounding the perimeter of
the sample;

measurement of the vertical deformations of the sample by
n;ans of a displacement transducer mounted on the loading
piston;

p:asibility of creating the 4 boundary conditions detined in
Fig. 7;

field of application defined by the folloving maximum
pressures o, ~ 15 Kg/cm? , 0y, = 10 Kg/cm?;
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- samples reconstituted by pluvial deposition method carried
out by means of a sand-spreader with interchangeable
perforated plates;

- possibility to raise the diffuser automatically during
deposition, maintaining a constant falling height of the sand
with respect to the deposition surface;

~ possibility of performing deposition under vacuum;

- possibility of saturating the sand samples by adopting three
different techniques (11]:
saturation with simple va